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The SPE Oxygen Generator Assembly (OGA) has been modified to correct 
operational deficiencies present in the original system, and to effect changes 
to the system hardware and software such that its operating conditions are 
consistent with the latest configuration requirements for the Internationa 
Space Station Alpha (ISSA). The effectiveness of these changes has recently 
been verified through a comprehensive test program which saw the SPE OGA 
operate for over 740 hours at various test conditions, including over 690 
hours, or approximately 460 cycles, simulating the orbit of the space station. 

This report documents the changes made to the SPE OGA, presents and 
discusses the test results from the acceptance test program, and provides 
recommendations for additional development activities pertinent to evolution 
of the SPE OGA to a flight configuration. Copies of the test data from the 
acceptance test program are provided with this report on 3.5" diskettes in 

self-extracting archive files. 


2.0 BACKGROUND 

The SPE OGA, originally designated the LFSPE Oxygen Generation 
Subsystem, was delivered to Boeing Aerospace and NASA/MSFC in 
April 1990 as part of the Space Station Freedom Environmental Control and 
Life Support Systems (ECLSS) Technology Demonstration Program. The 
system was designed to safely and efficiently generate oxygen and hydrogen 
gas using a 12-cell liquid feed SPE water electrolyzer. Two distinct 
generation levels were specified and designed into the system: NORMAL and 

EMERGENCY. With the system in the NORMAL configuration, the oxygen 

/d d f ^ EMERGENCY 
generation rate was set for 11.12 iD m /aay, ana u» •*«« 

configuration, the rate was set for 14.72 llWday. Oxygen and hydrogen gas 

were maintain ed at 200 and 160 psia, respectively, using a nitrogen reference 

system operating at a pressure of approximately 230 psia. The oxygen could 

be delivered to either a low pressure storage system or distribution bus, or 

delivered directly to the cabin atmosphere, while the delivery of hydrogen 

could be diverted to either a C0 2 reduction system or a waste gas vent. The 
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system was designed to use product water from the hygiene water processor 
as feed stock for the electrolysis process. 


Performance testing of the LFSPE commenced in June 1990 in Building 4755 
at NASA/MSFC. However, due to operational difficulties experienced by the 
system, and due to a reallocation of funding, the LFSPE only accumulated 
approximately 37 hours of test time. A second test program initiated in 
November 1990 saw the system operate for 529 hours: 169 hours with DI 
water; 27 0 hours with product water from a reverse osmosis system 
processing shower water, and 90 hours with DI water at the conclusion of the 
test program. The system operated for approximately 515 hours at the 
EMERGENCY oxygen generation rate, exhausting product gases at ambient 
pressure. 


During the conduct of the two test programs at NASA/MSFC, the LFSPE 
experienced operational deficiencies that occasionally resulted in improper 
operation of the system and, in some cases, unscheduled test shutdowns. The 
issues identified as either problems or areas for concern were: 

• Water carry-over from the hydrogen phase separator du rin g start-up 
transient conditions 

• Rising cell potentials while operating the system with water from the 
RO water processor 

• Inadequate p r i m i n g of the recirculation water loop pump 

• Inaccurate flow sensor readings of the recirculating water loop 

• Inadequate heat rejection from the recirc ulatin g water loop heat 
exchanger due to higher than expected cell potentials 

• Failure of the three-way solenoid valves which divert the flow of 
generated gas to either a delivery or vent in t erfa ce 

• Blistering of hydrophobic membrane material in the oxygen phase 
separator, inhi bitin g gas transport 

• Frequent alarm conditions triggered by the hydrogen sense cell of the 
hydrogen phase separator assembly 

• Failed electrical contactor for the 4- way ball valve, resulting in 
incomplete valve travel 
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Failed current control isolation board, resulting in reduced current to 
the electrolysis module and hence reduced gas output 

During 1994, NASA/MSFC contacted Hamilton Standard to discuss a 
refurbishment program for the LFSPE that would address and correct the 
above listed deficiencies, and would incorporate design changes to the system 
hardware and software to address the most recent ISSA configuration. 
Specifically, the requirements changes that bore the largest impact on the 

system design were: 

. Generation of oxygen while on the light side of the space station orbit 

• Variable oxygen generation rates (7.4 lb m /day nominal; rate to e 

variable ± 10%) 

• Space station nitrogen interface reduced to 100 psia, maximum 

Hamilton Standard proposed a refurbishment program to ION Elertronics in 
April 1994. The goals of the program were to develop an SPE oxygen 
generator assembly that incorporated the design changes necessary to reflect 
the requirements for the ISSA, and to demonstrate flawless performance of 
the system during all aspects of operation. A contract to perform activities 
pursuant to the stated goals was awarded by ION in May 1994. The major 
elements of the program included: 

• Conduct a baseline test of the as-received system to determine the 
status of key system components 

• Refurbish the system to incorporate design changes necessary to 
correct system deficiencies, and provide variable oxygen generation 

rates and cyclic system operation 

• Test the effectiveness of the design ch a n ges 

• Provide field support of the unit once returned to NASA/MSFC 
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3.0 

BASELINE TEST PROGRAM 



A baseline test program of the returned LFSPE Oxygen Generation 
Subsystem was completed in September 1994. The objective of the baseline 
test was to note the performance of key system components, in particular the 
electrolysis cell stack, the oxygen and hydrogen phase separator assemblies, 
and the fan/heat exchanger assembly prior to system refurbishment. A copy 
of the master test plan for baseline testing of the unit is included as 
Appendix A. A copy of the test data from the baseline test is also included in 
the referenced appendix. 

The system operated for 56.9 hours in the Process state, with 39 hours at the 
NORMAL rate (11.12 Ibm/day oxygen), and 17.9 hours at the EMERGENCY 
rate (14.72 lb m /day oxygen). In general, the results from the baseline test 
program were comparable to those observed during the last test program 
conducted by NASA/MSFC in December 1990. Specifically: 

Water carry-over in the hydrogen phase separator was observed 
during start-up tra ns ient conditions. The typical vol um e of water 
observed during start-up was 30 - 50 ml. 

r ^ ie re circulating water loop experienced pump priming problems 
during system start-up and shutdown depressurization transient 
conditions. In addition, the recirculating water loop bellows tank 
would occasionally expand to the first shutdown switch once gas 
generation had begun. 

The average cell potential for the 12-cell electrolysis stack operating 
at a current of 79 amps (Emergency oxygen generation rate) and a 
water exit temperature of 120°F was approximately 1.87-1.88 Vdc for 
both this and the previous test program. In addition, the 
performance of the fan/heat exc h a n ger assembly was satisfactory for 
the duration of this test program as it was for the NASA/MSFC test 
program once testing with product water from the RO water 
processor was discontinued. 

• The hydrogen sense cell alarm triggered a number of times during 
system start-up. Diagnostic testing of the stripper cells and sense 
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cell circuits revealed that the stripper cell power supply or its control 
circuit occasionally malfunctioned, resulting in the delivery of 
hydrogen-saturated water to the sense cell. A separate power supply 
was installed in the power supply cart for the duration of this test 
program, bypassing the original supply and control circuit. In 
addition, the shutdown associated with high sense cell currents was 
bypassed. 


A n umb er of minor discrepancies were also observed during the conduct of 
the test program, including low water feed rates from the feed pump 
resul ting in a system shutdown due to a low level in the recirculation water 
loop bellows accumulator and BITE shutdowns of the process controller while 
changing setpoints. The discrepancies were logged in the test plan for future 
action once the refurbishment activity was underway. 


4.0 SYSTEM REFURBISHMENT 

Refurbishment of the OGA began in September 1994 at the conclusion of the 
baseline test program. The entire system was disassembled to the component 
level, with each item separately bagged to preserve its cleanliness. A 
s umm ary of the refurbishment activities is presented below. A detailed 
description of the refurbished system and a narrative describing system 
operation are included as sections 4.11 and 4.12, respectively. 

4.1 Hydrogen Phase Separator Refurbishment 

The original hydrogen phase separator assembly employed a single 
hydrophilic membrane to effect the bulk fluid separation. However, during 
system start-up, water would become entrained in the gas outlet stream and 
would subsequently be delivered to the downstream hydrogen system. As the 
hydrogen generation pressure increased, the amount of water being carried 
over decreased until no water was present. Since the system achieved full 
production output in only a few minutes, the carry-over was attributed to the 
high gas velocities present in the hydrogen phase separator during this 
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transient condition, resulting in inadequate contact time with the hydrophilic 
membrane. 


The hydrogen phase separator assembly was modified to incorporate dual 
hydrophilic-hydrophobic cavities, and successfully demonstrated proper fluid 
separation at all operating conditions of the revised system. A schematic of 
the refurbished hydrogen phase separator assembly is included as Figure 4.1- 
1. Water is transported across the hydrophilic membranes to the 
electrochemical hydrogen pumps, while the hydrogen gas flows through the 
hydrophobic membranes to the hydrogen pressure control system. A detailed 
description of the operation of this device is included in the System 
Description section of this report. 

4.2 Electrolysis Cell Stack Refurbishment 

During the November 1990 test program at NASA/MSFC, the LFSPE was 
tested for a total of 529 hours. The test was divided into three modules: 

• 169 hour test with DI water 

• 270 hour test with product water from a reverse osmosis system 
processing shower water 

• 90 hour test with DI water 


The first 169 hours of the test program saw a steady average cell potential for 
the 12-cell electrolyzer. However, during the 270 hour test with processed 
hygiene water, the average cell potential rose steadily. Eventually the 
average cell potential exceeded the design point of the heat rejection system 
of the LFSPE, and the recirculating water loop temperature began to increase 
above its 120°F operating point. An additional fan was located in the vicinity 
of the system fan/heat exchanger assembly to provide additional cooling 
capacity. Once the water feed was returned to DI water, the average cell 
potential began to decrease steadily, and continued to decrease for the 
remainder of the 90 hour DI water test. In addition, the recirculating water 
loop returned to its original design operating point of 115-120°F. 
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At the conclusion of the test program, three theories were proposed to explain 
the increase in the average cell potentials 


i) Relaxation of the cell stack preload, resulting in higher screen to cell 
membrane contact resistance. 

ii) Heavy metal ion contamination of the solid polymer ion exchange 
membrane. 

iii) Organic cont amina tion of the cell anode, resulting in a higher cell 
polarization. 


The first explanation was el imin ated from consideration due to the fact the 
cell potentials began to recover during subsequent testing with DI water. 
The second explanation was also considered unlikely since: the water 
analyses of the feed water did not indicate any heavy metal ion 
contamination; the conductivity sensor in the subsystem did not detect any 
breakthrough in the deionizer bed, and; because heavy metal ion 
contamination is essentially irreversible, the cell potentials would not have 
recovered when the feed stock was changed to DI water. The latter 
explanation, organic contamination, was considered the most likely scenario. 
Organic contamination would result in a masking of the anode of the 
electrolysis cell, resulting in increasing cell operating potential as the 
contamination continued to build. The anode catalyst is capable of oxidizing 
smaller organic molecules, resulting in the evolution of CO 2 and H 2 0, but has 
a more difficult time with the larger organic molecules. Eventually, the 
entire anode surface will reach some equilibrium level of contamination. At 
that point, an equilibrium potential will be established, but at a higher level. 
This theory was supported by the fact that, when the feed stock was chang ed 
back to DI water, the cell potentials began to decrease, indicating oxidation of 
and a decrease in the amount of material on the anode surface of the cells. 
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During 1991, an IR&D program was initiated in an attempt to understand 
these test results. Electrolysis cells were challenged with a variety o 
different feed waters: 


i) An ersatz recipe that duplicated the product water from the Space 

Station Freedom hygiene water processor. 

ii) Actual product water from the Space Station Predevelopment 
hygiene water processor, processing shower and laundry water. 

iii) Water solutions containing the maximum concentrations of 
contaminant species from water analyses of the feed water used 
during the 270 hour test program (see Table 4.2-1). 

The test programs with the first two water feeds resulted in stable cell 
operating potentials. However, while testing electrolysis cells with water 
contai ning ammonia and Igepon TC-42 at the concentration levels listed m 
the table, the cell potential rose at a rate similar to what was observed during 
the 1990 test program. Testing of these cells continued until an equilibrium 
potential was reached. The feed water to these cells was then converted to 
water, and the cell potential began to decrease steadily as it had during the 
1990 test program. As a result, it was concluded that the cause for the 
steadily increasing cell potentials observed during the 1990 test program was 
contamination of the feed water with ammonia and Igepon TC-42. The 
TR&D program also indicated that the cells could operate with these 
contaminants present in the feed water; the penalty, however, would be a 
higher, but reversible, cell potential. 

A new 18-cell electrolysis cell stack was built as part of the SPE OGA 
refurbishment program. The number of cells increased to 18 in order for the 
new module operating at ambient temperature to maintain the same overall 
thermal efficiency as a 12-cell stack operating at 120°F. The cell stack was 
assembled using new hardware, including all frames, screen assemblies and 
end plates. Since the feed water for the OGA has been changed from hygiene 
quality water to potable water, it is anticipated that the performance of the 
electrolysis cells should be stable, resulting in essentially flat cell potential 
profiles as was witnessed during the 740 hour test program. 
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COMPONENT 


CONCENTRATION (PPM) 


Zinc 


.003 


Sodium 


1.33 


Calcium 


.031 


Iron 


.391 


Chromium 


.268 


Cadmium 


.083 


Manganese 


.386 


Potassium 


24.3 


Chloride 


283 


Sulfate 


288 


Fluoride 


9.7 


Nitrate 


.53 


Ethanol 


1.56 


Toluene 


23 


Triiodomethane 


14 


Methanol 


1.19 


Ammonia 


12.9 


Detergent (Igepon TC-42) 


1.18 


* Source: Boeing Test Laboratories 

Concentration level represents the highest recorded by the 
Boeing laboratory for the species indicated 
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4.3 Rprirculatin ? Water Loon Refurbishnieni 

The recirculating water loop was modified to: correct inadequate pump 
priming at system start-up; correct loss of pump prime during system 
shutdown; incorporate a thermal flow switch to monitor the water flow rate to 
the stack, and; install a liquid-to-liquid heat exchanger to reject waste heat 
from the water electrolysis process. 


4.3.1 Pnmn priming 

The initial configuration of the LFSPE Oxygen Generation Subsystem 
included a deionizing bed and a ten-inch cartridge filter in the recirculating 
water loop, and an in-stack oxygen phase separator assembly. However, 
since the system operated at 200 psia, during system depressurization the 
amount of oxygen evolved from the water loop nearly exceeded the volume 
expansion capability of the metal bellows accumulator. In order to reduce the 
volume of the water loop, both the deionizer bed and the filter were removed 
and replaced with jumpers. In addition, since the in-stack oxygen phase 
separator had failed during in-process testing at Hamilton Standard, a 
separate unit had to be installed on the outside of the package. Hence, the 
packaging of components in the system was never optimized, resulting in 
pockets of gas trapped in various parts of the recirculating water loop. A 
separate purge routine was implemented to force gas out of the loop to allow 
the pump to prime, but its performance was marginal. 

In order to ensure adequate priming of the pump during all aspects of system 
operation, a number of changes to the recirculating water loop were 
implemented. First, tl le operating pressure of the loop was reduced from 
200 psia to near ambient in order to reduce the amount of oxygen dissolved in 
the water that would subsequently evolve during a system shutdown. 
Second, the components in the loop were packaged closely together to 
minimize loop volume and eliminate potential gas traps wherever practical. 
And finally, the recirculation water loop metal bellows accumulator was also 
modified to operate with a fixed nitrogen charge such that the pump inlet is 
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always maintained above ambient pressure. Testing of the refurbished 

system demonstrated correct pump priming even after a loss of power 
shutdown. 


4.3.2 Flow sensing 

A flow sensor is included in the water recirculation loop to ensure power is 
not applied to the cell stack when there is no water flow. The system 
originally incorporated a Teflon turbine flowmeter; however, after 
approximately 100 hours of operation the Teflon bearing failed resulting in 
erratic readings from the sensor. The sensor was returned to the vendor and 
refurbished with a harder bearing and shaft material; however, the sensor 
continued to provide erratic readings. As a result, the flow sensor was 
removed from the system, and a pressure sensor was installed just upstream 
of the electrolysis module. This sensor, in conjunction with a pressure sensor 
already installed downstream of the electrolysis module, was used to 
calculate a pressure drop across the module. The pressure drop data was 
then used to correlate a water flow rate through the module. However, sin ce 
the characteristics of the two-phase flow downstream of the module varied 
with pressure, temperature and gas generation rate, the measurement was 
somewhat crude and inaccurate. 

In order to improve the reliability of the recirculating water flow 
measurement, a thermal flow switch was installed upstream of the 
electrolysis module. The flow switch determines whether a fluid is flowing at 
the preset rate by sensing the temperature difference between two precision 
resistors mounted within the housing of the flow monitor. One resistor is 
located in the sensor tip, closest to the flowing fluid and heated to a 
temperature that is a few degrees higher than the temperature of the fluid. 
The second resistor is located such that it is affected only by the temperature 
of the fluid. Cooling of the heated resistor is a function of how fast heat is 
conducted away by the flowing medium. Therefore, the difference in 
temperature between the two resistors provides a measurement of fluid 
velocity past the sensor probe. 
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The controller for the flow sensor is located inside the Electrical Interface Box 
which is mounted to the side of the system package. Potenhometem on 
the controller allow the user to adjust the setpoint over a " 

velocities. For the reflirhished OGA. £ " c onds 

rate of approximately 30% of normal, or 0.2 GPM, for a penoa 

would trigger an automatic shutdown of the system and pr 

<ro to the use- The flow switch performance was satisfactory 

message to the use.. ^ r u . The 

throughout the 743 hour test program following system refurbishment. The 
loss of recirculating water flow events recorded by the flow switch during 
test program we^not sensor related, but were in fact the result of reduced 
flow conditions caused by 1-g gas traps present in the system hardware (see 

section 5.2). 

4.3.3 Tiiquid-to-licn ud heat exchanger 

With the oxygen operating pressure reduced to near-ambient 
oxygen/water mixture leaving the cell stack must be cooled to at or belo 
ambient temperature to assure that moisture condensation does not “ 
the oxygen delivery plumbing. Heat rejection in the original system 
provided by an ambient air cooled heat exchanger in the recirculating water 
loop located upstream of the cell stack where there was no undissolved 
oxygen flowing. In order to cool the recirculating water loop at this location 

in the refurbished system, a heat sink much lower than th ' am 
temperature must be used. This would also require that the cell stack 
operate at very low temperatures, reducing its efficiency or making 
necessary to add more cells. 

The refurbished system employs a Hquid-to-liquid heat exchanger located 
downstream of the cell stack where there is a mixture of gaseous oxygen an 
recirculating water. The heat exchanger uses the OT<W> »obm oop 
the heat sink to reduce the delivered oxygen temperature to 'ess than JO 
the maximum electrolysis rate during light side operation and with all 
electrolysis cells operating at their maximum potential of 2.5 Vdc. The new 
heat exLnger capacity is in excess of 800 watts, almost 3 hmesthe capacity 
of the or iginal air-cooled heat exchanger assembly. At a coolant flow ra 
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500 lbjn/hr, the pressure drop on the shell side of the heat exchanger is less 
than 1 psid. Performance of the heat exchanger through the duration of the 

743 hour test program was satisfactory, with no condensation observed in the 
oxygen deliveiy line. 


44 2=. wav Solenoid Valve Refarhish Tnf » r |f ; 

The original system employed 3-way solenoid valves at the oxygen and 
hydrogen outlets to divert the flow of gas to either a storage system or vent 
interface. However, during testing at Hamilton Standard and NASA/MSFC, 
these valves failed due to overheated coils. When the solenoids were 
originally specified by the valve supplier, he neglected to inform the solenoid 
supplier that the coils would be enclosed in a stainless steel housing. As a 
result, the coils operated at a much higher temperature than their design 
point and eventually burned out. 

The valve supplier replaced the burned coils and provided a driver circuit for 
each of the valves to prevent overheating of the solenoid coils. The driver 
circuit allows full power to the solenoid for .375 to .750 seconds upon initial 
application of voltage at the input terminals. The voltage then automatically 
drops to approximately 50% of full voltage, resulting in a hold-in current of 
approximately 25% power until the input voltage is removed. Voltage (and 
consequently power) reduction is achieved by pulse width modulating the 
input signal. The driver circuit includes a full wave rectifier, AC line voltage 
transient protection, and solenoid transient suppression. With the 
refurbished system, only one valve is required, that being at the hydrogen 
outlet. The 3-way valve allows the user to divert hydrogen flow to a 
downstream C0 2 reduction system in the event the OGA is included in an air 
revitalization integrated test program, or to a laboratory vent where the 
nitrogen purge gas at system start-up and shutdown is also vented. During 
the recently completed test program at Hamilton Standard, the refurbished 
valve and driver circuit operated for approximately 600 hours without failure, 

whereas the valve without a driver circuit typically failed after 50-100 hours 
of operation. 
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4.5 Orvcrgn Phase Separat or Refurbishment 


During in-process testing of the original Technology Demonstration Oxygen 
Generation Subsystem, the oxygen phase separator assembled as part of the 
electrolysis cell stack experienced a failure due to an inability to transport 
gas across the hydrophobic membrane. The results of a separate test 
program of hydrophobic membranes indicated that the material was 
susceptible to blistering under certain conditions. Once formed, the blisters 
hindered the transport of gas across the membrane. It was theorized and 
later confirmed by test that water vapor condensing within the microporous 
structure of the membrane caused the blisters to be formed. In order to 
alleviate this problem, the oxygen phase separator was redesigned so that the 
gas side of the hydrophobic membrane was kept warmer relative to the two- 
phase side, thereby preventing condensation. Rather than disassembling the 
failed oxygen phase separator from the cell stack-manifold assembly, an 
external phase separator was built and installed into the unit, with the failed 
unit bypassed with additional plumbing. 

During refurbishment of the OGA, both the external and the original in stack 
oxygen phase separator were disassembled. As originally suspected, the m- 
stack phase separator, which had used what was later determined to be 
blister-prone "S" material, had evidence of blistering over approximately 50% 
of its surface. The external phase separator, which used the less susceptible 
"X” material coupled with favorable differential temperature characteristics, 
exhibited no signs of blistering. As a result, the phase separator hardware 
was rinsed with clean DI water and reassembled with new hydrophilic 
membranes. The hydrophobic membrane from the external phase separator 
assembly was also rinsed with clean DI water and returned to the assembly. 
Performance of the oxygen phase separator assembly was satisfactory during 
all aspects of system operation, including transitioning from standby to full 
production back to standby. 
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4.6 Hvdrosren Sense Cell Alarms 

During the 529 hour test program at NASA/MSFC and subsequent baseline 
testing at Hamilton Standard, the hydrogen sense cell triggered numerous 
shutdowns due to high cell currents. Two causes for the shutdowns were 
identified: 

1) A malfunctioning power supply and/or control circuit for the four 
stripper cells 

2) Formation of a hydrogen bubble in the water outlet header of the 
separator assembly and subsequent migration of this bubble to the 
sense cell compartment 

In the first case, if the four stripper cells failed to charge properly, then 
hydrogen-saturated water would be delivered to the sense cell, triggering an 
alarm condition. This condition appeared to occur on a number of occasions 
when it seemed the power supply was unable to adequately charge the four 
stripper cells. It was later determined that the circuit controlling the 
charging rate for the stripper cells had malfunctioned. The circuit was 
repaired, and correct operation of the power supply, control circuit and 
hydrogen pump cells was subsequently demonstrated as part of this 
refurbishment effort. 

The second case, that of bubble migration, occurred on several occasions 
when the four stripper cells appeared to be operating within normal 
parameters. However, this became a nonissue when, after completing a 
revision to the Failure Mode and Effects Analysis (FMEA) it was determined 
that sufficient fault detection had already been incorporated into the system 
and therefore a sense cell was not required in the assembly. During the 
refurbishment of the hydrogen phase separator, the sense cell was removed 
from the assembly. 
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4.7 4-wav Ball Valve M echanical Contactor 


Early in the test program at NASA/MSFC the LFSPE experienced a number 
of shutdowns associated with improper hydrogen phase separator 
performance and improper feed water bellows fill rates. After performing a 
number of diagnostic tests it was determined that the mechanical contactor 
driving the 4-way ball valve had been seriously pitted due to current leve s 
higher than the rating of the contacts. The contactor was subsequent y 
replaced with a unit having contacts rated at 6 amps, the in-rush current 
rating of the valve. The valve performance was satisfactory throughout e 

remainder of the test program. 


Since the contactor rating was identical to the valve in-rush current, 
additional margin on the contact rating was required to prevent a 
reoccurrence of the previous failure. A contactor with a 10 amps rating was 
installed and performed satisfactorily throughout the 743 hour test program. 


4.8 Current Control Isolati on Board 

The current control isolation board failed to provide the correct signal to the 
electrolysis power supplies while the system was set at the EMERGENCY 
oxygen production level during the NASA/MSFC test program. As a result, 
the board had to be modified during the test program to include a 
potentiostat to fine tune the current level to the electrolysis cell stack. In 
addition, it was believed that the current control signal may have been 
drifting due to thermal variations within the power supply cabinet. However 
diagnostic testing of the circuit at the conclusion of the test program revealed 
that the board had been assembled incorrectly and was therefore clamping 
the control signal to a value lower than what was required to command the 
power supplies at the EMERGENCY generation level. The error m the 
control isolation board was corrected and the board reinstalled into the power 
supply cabinet. The board functioned properly during the recently completed 

test program. 
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Cyclic & Variable Ox y gen Generation 


Changes to the requirements for the OGA for the ISSA dictate that operation 
of the unit be limited to the daylight side of the orbit only and that the oxygen 
production rate be variable. Hamilton Standard revised the control software 
to allow the user to input light side/dark side time duration along with the 
total oxygen production requirement on a per day basis. The inputs to the 
control software can be made via the Modify/View Operation screen available 
on the Co mman d and Display Unit (CDU) or host system via the RS-232 port 
and are described in detail in the Operations Manual. Based on these inputs 
the system software calculates the oxygen generation rate required during 
the system "on" times. During dark side operation, the system software 
reduces the current to the module to a trickle value of 1 amp, sufficient to 
maintain a charge on the electrolysis cells. The recirculating water pump, 
feed water management and system instrumentation remain active during 

this standby period. Full production resumes at the conclusion of the dark 
period. 


The SPE OGA control software allows the user to select a daily oxygen 
production rate of 6.66 to 8.14 lb m /day (7.40 lb m /day ± 10%), LIGHT side 
duration of 50 - 60 minutes, and DARK side duration of 40 - 30 minutes. 
When transitioning from LIGHT to DARK, the current level to the 
electrolysis cell stack instantaneously drops from its generation level to the 
standby level of 1 amp. Once the duration of the DARK side has expired, the 
current to the electrolysis module begins to ramp up, increasing 5 amps every 
5 seconds until the required current for the requested production level is 
attained. Typically, the time to reach full output is on the order of 40 
seconds. The ramping rate is limited to the performance of the differential 
back pressure regulator controlling the hydrogen phase separator. Increasing 
the current ramping rate resulted in excessive differential pressures across 
the hydrophilic membranes in the phase separator. The high differential 
pressures can be attributed to the fact that, while the hydrogen pressure 
which provides the reference to the regulator returns to its full production 
level in the manner of a few seconds, the water pressure typically lags 
thereby causing the high differential pressure. If faster ramping rates are 
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required for the space station, the regulator can be replaced with a unit 
offering a faster response, the water volume on the hydrogen phase separator 
pan be reduced, or a combination of both can be implemented. 


During the acceptance test program, the SPE OGA was operated at the 
minimum , nominal , and maximum daily oxygen production schedule and at 
various LIGHT/DARK configurations. Gas production rates were verified 
with a wet test meter. Detailed test results are included in the Master Test 
P lan included in Appendix B of this report. 


4.10 Nitrogen Int erface Pressure 

The original oxygen generation subsystem was designed to safely generate 
oxygen at pressures up to 200 psia and hydrogen at pressures up to 160 psia. 
Careful control of the generated gas pressures was maintained by a nitrogen 
reference system operating approximately 20-30 psid above oxygen pressure 
such that a pressure hierarchy of nitrogen over oxygen over hydrogen was 
always maintained. With the electrolysis module operating at a m axim u m 
temperature of 120°F, expanding the product gases to the pressure levels 
originally specified for Space Station Freedom provided oxygen and hydrogen 
at their required dew points. However, with the reduction of the nitrogen 
interface to 100 psia maximum , the hardware and software for the pressure 
control system had to be modified to reflect lower operating pressures. 

The system hardware was modified to generate oxygen at near ambient 
pressure for delivery directly to the crew cabin of the space station. Humidity 
control of the oxygen is attained by incorporating a liquid-to-liquid heat 
exchanger immediately upstream of the oxygen-water phase separator, and 
the drop in gas pressure when exhausting oxygen from the phase separator to 
the cabin. The heat exchanger was sized to operate from the vehicle 65°F 
coolant loop. The nitrogen serves as a purge gas for the hydrogen circuit 
during start-up and shutdown transients, and as a reference system 
controlling hydrogen pressure to 25 psig minimum . Operating the cell stack 
at near ambient temperature, coupled with the slightly elevated operating 
pressure, maint ains the hydrogen free of any condensate. 


19 


SPE OGA 
Final Report 
Rev. Basic 




I UNITED 
TECHNOLOGIES 

'HOMUiTlSr 


The system software was extensively modified to incorporate lower pressure 
operation. Reference pressure measurements between nitrogen and oxygen 
were eliminated, and those between nitrogen and hydrogen were replaced 
with direct pressure readings. In addition, the redundancy required for 
nitrogen control of the oxygen system was eliminated with the drop in oxygen 
pressure to ambient. Control setpoints for nitrogen, as well as shutdown 
levels associated with fluid over and under pressure, were revised to reflect 
the decrease in nitrogen pressure. The hardware and software revisions to 
the nitrogen reference system performed satisfactorily during the conduct of 
the acceptance test program, demonstrating the capability of the refurbished 
SPE OGA to operate from the 100 psia ISSA nitrogen interface. 


4.11 System Description 


The refurbished SPE Oxygen Generator Assembly has been designed to 
safely produce oxygen and hydrogen gas from the electrolysis of water. The 
oxygen gas is generated and delivered at ambient pressure directly to the 
environment, while the hydrogen is generated at slightly elevated pressure 
for possible delivery to a CO 2 reduction system. A schematic of the fluid 
system is presented in Figure 4.11-1. The SPE OGA includes all valves, 
regulators, sensors and other controls for safe operation of the system. 

The cell stack is a liquid anode feed water electrolyzer consisting of 18 SPE 
water electrolysis cells assembled in a bipolar arrangement between two 
compression end plates. A simplified schematic of a liquid anode feed cell is 
depicted in Figure 4.11-2. In the electrolysis process, liquid water is fed to 
the anode, or oxygen compartment, where it is electrolyzed to produce 
gaseous oxygen, hydrogen ions, and electrons. The hydrogen ions, or protons, 
are transported across the ion exchange membrane and the electrons travel 
through the external electrical circuit to the cathode. These protons are fully 
hydrated and deliver water to the cathode side of the membrane. The 
electrons combine with the protons to form gaseous hydrogen at the cathode. 
Excess water is pumped through the anode compartment to remove heat 
generated by the electrolysis process. 
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FIGURE 4.11-2 
LIQUID ANODE FEED 
SPE WATER ELECTROLYSIS CELL 
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Oxygen and hydrogen are generated at a stoichiometric ratio and at a rate 
proportional to the cell current. In order to satisfy the nominal daily oxygen 
requirement of 7.4 lb m /day with a light side/dark side duty cycle o 
53 minutes on/37 minutes off. the SPE OGA will generate oxygen at an 
instantaneous rate of 12.57 lb^/day. Control of the daily oxygen production 
requirement, as well as the light side/dark ride duty cycle, resides in the 
system controller and can be accessed through the Modify/View Operation 
screen of the Command & Display Unit Additional control is also afforded to 
the host computer via the RS-232 data bus as defined in the Operations 

Manual. 


The oxygen-water stream exiting the electrolysis cell stack enters a shell and 
tube liquid-to-liquid heat exchanger (Item 554A) to reject waste heat from the 
electrolysis reaction and to reduce the dew point of the oxygen gas. The heat 
exchanger is designed to operate using 65"F water at a flow rate of 500 ltwhr 
as the coolant. Temperature sensors located at the inlet (Items 736-1 an 
736-2) and exit (Items 762-1 and 762-2) of the heat exchanger monitor its 

performance. 

The two-phase stream enters the oxygen/water phase separator (Item 907) to 
deliver water free oxygen to the oxygen delivery system while oxygen free 
water is returned to the water recirculation loop. Figure 4.11-3 depicts the 
components of the oxygen/water phase separator. The two-phase mixture is 
separated in two stages: in the first stage are located six hydrophilic 
membranes that allow water to wick through but, because of their high 
bubble point, the membranes will not allow gas to flow through. The flm 
exiting the two-phase cavity is mostly gas with a small amount of water 
carry-over. The fluid is directed to the second stage, or "polishing” section of 
the separator. The polishing section contains a hydrophilic and hydrophobic 
membrane, where the remaining water is returned to the water recirculation 
loop. The oxygen gas is delivered to the oxygen delivery system through the 
hydrophobic membrane. Because the hydrophobic membrane has a high 
water intrusion pressure (an attribute similar to the bubble point of a 
hydrophilic membrane), the oxygen gas is delivered free of any liquid water. 
A differential pressure sensor (Item 709) monitors the performance of the 
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OXYGEN PHASE SEPARATOR 
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hydrophilic elements of the phase separator, and initiates a shutdown should 
the pressure drop exceed a specified value (typically, less than half of the 
membrane bubble point). The operating pressure of the water recirculation 
loop is lower than the water intrusion pressure of the hydrophobic membrane 
under all operating conditions. Water exiting the oxygen-water phase 
separator is returned to the electrolysis cell stack by a gear pump driven by a 
brushless DC motor (Item 463). Water flow to the module is monitored by a 
flow switch (Item 745) located immediately upstream of the cell stack. The 
flow switch will remove current to the module and initiate a system shutdown 
should the water recirculation rate drop below a predetermined value. 


A metal bellows accumulator (Item 606) which serves as a feed tank for the 
electrolysis cell stack and an expansion volume for the water recirculation 
loop dur ing the system start-up transient is located immediately downstream 
of the oxygen-water phase separator. As a feed tank, the metal bellows 
stroke is minimal, operating between approximately 10 and 15 cubic inches of 
volume. When the level in the tank falls below 10 cubic inches, the feed 
pump (Item 464) is activated until the tank attains a level of approximately 
15 cubic inches at which point the feed pump is turned off. As an expansion 
volume, again the stroke of the bellows is minimal, with typical expansion 
values of 10 cubic inches of less. When the system is started the water 
recirculation loop is devoid of all gas. However, as power is applied to the 
electrolysis cell stack, the oxygen gas bubbles generated within the cell 
cavities cause an expansion in the volume of the loop, resulting in an 
expansion of the bellows tank. The bellows tank expansion continues until 
the gas bubbles reach the oxygen phase separator, at which point the bellows 
begins to recollapse to its normal operating range. 

The oxygen gas produced in the SPE electrolyzer is free of hydrogen, with 
purities of 99.5% or greater typically measured. Since the SPE OGA has been 
designed to operate with hydrogen pressure always greater than oxygen 
pressure, red undan t combustible gas sensors (Items 746-3 and 746-4) located 
at the oxygen outlet interface constantly monitor the oxygen for hydrogen and 
initiate a shutdown should the hydrogen level in the oxygen exceed 50% of 
the lower explosive limit (LEL). A pressure sensor (Item 7061) initiates a 


25 



SPEOGA 
Final Report 
Rev. Basic 




UNITED 
TECHNOLOGIES 


shutdown should an obstruction occur in the delivery line, and a relief valve 
(Item 126A) provides redundancy in the event of a failed pressure sensor. 


The hydrogen-water exiting the cell stack is mostly hydrogen gas by volume 
with a small amount of liquid water present from protonic p umping in the ion 
ex ch a ng e membrane. The hydrogen/water phase separator contains two 
cavities, each containing a hydrophilic and hydrophobic membrane, and is 
s imil ar in design and operation to the polishing section of the oxygen/ water 
phase separator. Figure 4.1-1 depicts the design of the hydrogen/water phase 
separator. The hydrogen gas passes through the hydrophobic membrane to 
the hydrogen valve manifold containing the pressure control system, and the 
water is delivered to the "stripper" section of the phase separator. The 
stripper section contains four electrochemical hydrogen pumps that remove 
dissolved hydrogen from the water before it is returned to the water 
recirculation loop. The electrochemical hydrogen p um p uses an SPE 
membrane and electrode assembly similar to the electrolysis membrane and 
electrode assembly. The degassed water is subsequently delivered to one of 
two metal bellows accumulators (Items 605-1 and 605-2) after dropping in 
pressure through a negative bias back pressure regulator referenced to 
hydrogen (Item 130). A differential pressure sensor (Item 708) monitors the 
performance of the hydrophilic element of the phase separator and performs a 
similar function to its oxygen phase separator counterpart In addition, the 
performance of the electrochemical hydrogen pumps is monitored by 
individual voltage and current sensors and initiate a shutdown of the system 
should the values for these parameters fall outside predetermined limits. 


As stated previously, the water exiting from the separator is stored in one of 
two metal bellows accumulators (Items 605-1 and 605-2). Two tanks, in 
conjunction with the four-way ball valve (Item 003), are provided for fault 
isolation in the event of a failure of the hydrogen phase separator that is 
undetected by either the differential pressure sensor or the stripper cell 
voltage and current monitors. While water is being fed to one tank from the 
phase separator the second tank is providing water, as required, to the water 
recirculation loop via the feed water pump (Item 464). Employing two tanks 
in this manner ensures that hydrogen gas is not introduced into the system 
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anode loop, where it would subsequently flow into the oxygen delivery 
system. As an additional back-up, redundant combustible gas sensors in the 
delivery system would detect hydrogen carry-over into the anode loop and 
initiate a system shutdown. 


Hydrogen pressure control is maintained by a differential back pressure 
regulator referenced to nitrogen. Figure 4.11-4 shows the differential 
pressure control band. The primary hydrogen regulator (Item 120) maintains 
hydrogen operating pressure 25 psid below nitrogen. Hydrogen pressure 
control is monitored by a pressure sensor (Item 749); shutdown of the 
SPE OGA will occur if hydrogen pressure drifts above or below the normal 
band of the primary regulator. Mechanical backup for both high and low 
differential pressure is provided by the redundant differential back pressure 
regulator (Item 127) and relief valve (Item 125), respectively. If the primary 
regulator fails closed and either the hydrogen pressure sensor or controller 
fails to detect it, the redundant back pressure regulator will open to ensure 
nitrogen pressure is maintained above hydrogen. Conversely, should the 
primary regulator fail open and either the system instrumentation or 
controller fails to detect it, the nitrogen-hydrogen relief valve opens to 
introduce nitrogen into the hydrogen circuit to ensure hydrogen pressure is 
always maintained above oxygen pressure. A three-way solenoid valve (Item 
005) at the regulator outlet directs flow to either the hydrogen outlet 
interface during normal processing, or to the vent interface during shutdown 

of the system. 

As mentioned previously, nitrogen is used as a reference pressure for the 
hydrogen pressure control system. The nitrogen is also used as a purge gas 
during start-up and shutdown transient conditions: during start-up, the 
nitrogen purges any air from the hydrogen lines and, during shutdown, it 
purges hydrogen from the same lines. Nitrogen is introduced from the 
facility through a normally closed solenoid valve (Item 051 A). A pressure 
sensor (Item 7062) monitors the nitrogen pressure and controls the operation 
of the solenoid valve. A nitrogen accumulator provides sufficient purge 
volume to safely and effectively purge the hydrogen circuit during start-up 
and shutdown. Purging of the hydrogen circuit is accomplished by removing 
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power to the normally open solenoid valve (Item 
hydrogen and nitrogen circuit. 
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053) located between the 


Feed water is provided to the SPE OGA from the facility through ^normally 
closed solenoid valve (Item 081-1). Operation of this valve is controlled by e 
water level in the two feed water metal bellows accumulators (Items - 
and 605-2) and the position of the four-way ball valve between the two tanks 
(Item 003). The feed water is polished with a deionizer bed (Item 295) to 
ensure the water is free of any ionic contamination (cation and anion) that 
would be detrimental to cell life. A conductivity sensor (Item 755) located 
immediately downstream of the deionizer bed monitors water quality an 
performance of the deionizer bed and initiates a shutdown should the water 

conductivity exceed a specified value. 


A listing of the parts used in the SPE Oxygen Generator Assembly processing 
package is included as Table 4.11-1. 


4.12 System Operation 

The SPE OGA is designed to accept control commands via the CDU or other 
suitable device. The operating modes available for the system ^ude 
IMMEDIATE SHUTDOWN, OFF, ON, STANDBY, and MANU 
Additional information concerning these modes of operation is provided in the 

Operations Manual. 

Prior to starting the unit, the user should enter the oxygen production 
requirement and the LIGHT/DARK side duty cycle from the Modify/View 
Operation screen. If the OGA is to be operated in a cyclic manner then the 
user must also select PERIODIC oxygen delivery from the Assembly 
Configuration screen. Once these tasks are completed, the user can then 
a ccess the Mode Select screen and select the ON mode. The system will then 
transition to the ON mode PURGE state. The water recirculation > pump 
(Item 463) is turned on, the nitrogen inlet solenoid valve (Item 051A) is 
opened and power is applied to the electrochemical hydrogen pumps m the 
hydrogen- water phase separator. 
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TABLE 4.11-1 

SPE OXYGEN GENERATOR ASSEMBLY 
PARTS LIST 


ITEM 

NUMBER 


ITEM 

DESCRIPTION 


VENDOR 


PART 

NUMBER 



VENDOR 
PART NUMBER 


2A3572S 


2A1504S 


71215SN1GN00N0H1 1 1P3 


2A1505S 


SS-14DKS4 


SS-14DKS4 


SS-4P4T 


SS-4P4T4 



SS-4LA 


291900-1 


291900-1 


SS-CHS4-1/3 


SS-CHS4-1/3 


SS-CHS4-1/3 

Differentia] back pressure I SVSK115351-3 I Autoflow I DR6104-514 


thru -7 


Relief valve 


Relief valve 


Flodvne 1 2A260RL 


SS-CHS4-5 


Differential back pressure I SVSK115351-4 I Autoflow DR6104-516 


SVSKl 15351-5 I Autoflow I DR6104-517 


SS-RL3S4 


SS-14DKS4 



Relief valve 


Sample valve 
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TABLE 4.11-1 

SPE OXYGEN GENERATOR ASSEMBLY 
PARTS LIST 


ITEM 

NUMBER 


ITEM 

DESCRIPTION 


VENDOR 


PART 

NUMBER 


VENDOR 
PART NUMBER 




Recirculation pump 


Feed water pum 


Heat exchanger 


Metal bellows accumulator 


Metal bellows accumulator 

hollows accumulator SVSK11 6035 J. 


Nitrogen accumulator 


Pressure sensor 


Pressure sensor 


Pressure sensor 


Differential pressure 





Differential pressure 


Temperature sensor 


Temperaturesensor 


Flow switch 



316L-HDF4-500 


PDCR130/W/C-0520 


PDCR130/W/C 


PDCR130/W/C 


Model 060 


PDCR130/70WL/C 




Combustible gas sensor SVSK115299-1 


746-2 Combustible gas sensor SVSK115299-1 


746-3 Combustible gas sensor 


746-4 Combustible gas sensor 


Pressure sensor 




10058-1 


10058-1 




TPTF-51-1000-100D 
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c™ TABLE 4.11-1 

SPE OXYGEN GENERATOR ASSEMBLY 
PARTS LIST 


ITEM 

NUMBER 


ITEM 

DESCRIPTION 


Conductivity sensor 


Temperature 


sensor 


VENDOR 


PART 

NUMBER 


SVSKl 18458-1 


Temperature sensor 


Flow restrictor 


Electrolysis module 


Oxygen phase separator SVSKl 161 12- I HSD 



VENDOR 
PART NUMBER 


CS1042-0.1-HS-SAE-HP 


VDLA4326565H 


SVSK116112-1 


SVSK116112-101 


Hydrogen phase separator 



SVSK116112-102 
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After successfully completing a purge of the hydrogen circuit, the nitrogen 
purge valve, Item 053, is energized closed and the nitrogen reference system 
begins to pressurize. Once the nitrogen pressure reaches 50 psia, the system 
will transition from the PURGE state to the PROCESS-VENT state, where 
current to the electrolysis cell stack is ramped to approximately 26 amps, the 
current level required to produce oxygen on a continuous basis at the rate of 
7.4 lbm/day. Oxygen gas will be delivered to the oxygen outlet interface, 
while a mixture of nitrogen and hydrogen will be delivered to the hydrogen 
vent interface. At this time the bellows control laws are active; should the 
water level in the water recirculation loop metal bellows accumulator fall 
below a predeter min ed value, the feed pump (Item 464) will be energized to 
draw water from either of the two feed water bellows t ank s. Feed water from 
the facility is introduced whenever the level in the feed tank falls below a 
preset level and the four-way ball valve is in a particular position. Detailed 
information regarding the operation of the metals bellows accumulators and 
associated hardware is available in the Process Controller Software 
Requirements Specification. 


Once the hydrogen circuit has been sufficiently purged of nitrogen, the 
system enters the PROCESS state. Once in the PROCESS state, the current 
to the electrolysis cell stack is set to a level based on the user inputs for 
oxygen production and LIGHT/DARK side requirements. In addition, the 
three-way solenoid valve (Item 005) switches the flow of hydrogen from the 
vent interface to the outlet interface provided the user has selected 
REDUCTION for hydrogen delivery (refer to the Operations Manual). The 
system will remain in the PROCESS state until either the user changes 
modes, or a system fault is detected. If PERIODIC oxygen delivery was 
selected, the current to the electrolysis cell stack is reduced to a trickle value 
of 1 amp once the LIGHT side of the simulated orbit has been completed. The 
current remains at 1 amp for the duration of the DARK side, and is 
sufficiently high enough to maintain polarization of the electrolysis cells and 
to prevent decay in the hydrogen pressure. During the DARK side, the water 
recirculation p um p re main s on, the bellows level control laws re m a in active, 
and all system instrumentation continues to monitor system health. Once 
the DARK side of the simulated orbit has been completed, the preset current 
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level is restored to the electrolysis cell stack and full oxygen production 
returns. 


If the user had selected the STANDBY mode instead of the ON mode, the 
SPE OGA would transition at the end of the PROCESS-VENT state to the 
HOLD state rather than to the PROCESS state. The HOLD state places the 
OGA in a configuration identical to that of the DARK side of the sim ulated 
orbit; however, the system will remain in this state until either the user 
changes modes or a system fault is detected. 

Termination of the test can be accomplished during operation in any mode or 
state within a mode by selecting either the IMMEDIATE SHUTDOWN mode 
or the OFF mode. If the OFF mode is selected, the system transitions to the 
RECIRC state. In the RECIRC state, power to all actuated components 
within the system is removed with the exception of the recirculating water 
pump. The pump remains on for an additional two minutes to purge the 
recirculation loop of oxygen. With power removed from the remainder of the 
actuated components, a nitrogen purge and corresponding depressurization of 
the hydrogen circuit occurs. The IMMEDIATE SHUTDOWN mode removes 
power to all actuated components, including the recirculating water pump, 
and should therefore be used only in the event of an emergency shutdown. 

A nitrogen purge and subsequent depressurization of the hydrogen circuit is 
accomplished once power is removed from the purge valve. Item 053. Should 
the purge valve fail to open during the shutdown, the emergency 
depressurization valve (Item 051) is opened and, when the nitrogen-hydrogen 
differential pressure exceeds 45 psid, the nitrogen-hydrogen relief valve 
(Item 125) opens to purge and safely depressurize the hydrogen circuit. 
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The refurbished SPE Oxygen Generator Assembly was subjected to an 
acceptance test program as defined in the Master Test Plan contained in 
Appendix B. The purpose of the acceptance test program was to verify 
effectiveness of the refurbishment by demonstrating elimination o 
operational deficiencies present in the original system, and operation of the 
system at various oxygen generation rates and in a cyclical manner. After 
successfully completing a thorough check-out test, including proo pressure 
and leakage testing, anomaly verification testing and mode/state transition 
testing, the unit operated for 743 hours, including 693 hours in the cyclic 
mode of operation. With a simulated orbit of 90 minutes, the system 
completed approximately 460 cycles of light side/dark side operation. Power 
requirements of the different components in the system were recorded m 
Appendix A of the test plan, and flow measurements at different operating 
conditions were made and recorded in Appendix B of the test plan. The gas 
quality of the product gases was also determined through standard laboratory 
analytical techniques, with the results indicating no cross contamination of 
one gas with the other at the detection level of the instrument (see 
Appendix C of the test plan). Specific test results and findings are detailed in 

the following sections. 

5.1 Flprtrnlvsis C »11 Stack Performance 

The electrolysis module, consisting of 18 SPE electrolysis cells, was 
assembled and successfully completed its check-out tests in January 1995. 
The module was then placed in a separate test rig to conduct Performance 
testing as defined in the test plan. However, the average cell potential for the 
module at 90°F was 1.884 Vdc, over 100 mV higher than expected. Comical 
analyses of the effluent from the module, in conjunction with other analytical 
techniques, revealed that the stack had been contaminated with a sodium 
salt from the test rig. The contamination of the ng likely occurred while 
moving the rig from the test facility in Building 20B to the new facility m 
Building 2. A decision was made to disassemble the module and replace the 
membrane and electrode assemblies. The cell mechanical hardware, as well 
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as the test rig, were cleaned and subjected to numerous rinses with fresh DI 
water. In addition, a single cell was assembled and placed on test to verify 
he cleanliness of the test rig. A new module was assembled and 
su sequen y p aced on test. The average cell potential was 1.751 Vdc for the 
100+ hour run approximately 130 mV better than the initial build. Figure 
5.1-1 displays the average cell potential for electrolysis module build-up #1 

HUG t 


erfonnance of the 18-cell stack operating in complete SPE OGA is 
presente in Figure 5.1-2 as average cell potential versus OGA operating 
e. Average cell potential is approximately 1.80 Vdc for the first 50 hours 
of operation, where the OGA was producing 7.4 lb m /day of oxygen on a 
continual basis. Cyclic testing of the system began at approximately the 50 

eoTr^ ' ^ Pr ° dUdng the re 0 uisite amount of oxygen at a 

60% duty cycle (54 minutes on / 36 minutes off). The average cell potential at 

70 F vanes between approximately 1.85 Vdc when the stack is at its required 
load, to approximately 1.55 Vdc when the stack is at its standby level of 1 
amp. At approximately the 120 hour mark, the oxygen requirement was 
increased to 8.14 lb„/day, decreased to 6.66 lb„/day. increased to 8.14 
lbm/day, and finally returned to 7.4 UWday. The oxygen and hydrogen flow 
rates were measured and verified to be correct with a wet test meter as 
escribed in the master test plan. At approximately the 140 hour mark, the 
duty cycle was changed to 66% (60 minutes on / 30 minutes ofl) to verify 
proper generation rates at an off design duty cycle. The duty cycle was 
changed to 53 minutes on / 37 minutes off just prior to the 480 hour mark in 

e test program when it was realized the space station orbit of 54 minutes 
on / 36 minutes off was no longer valid. 

The average cell performance was stable throughout the entire test program 
In particular, when the deionizer bed was removed from the recirculating 
water loop due to flow anomalies to be discussed in a later section, there was 
o discernible difference in the average cell potential. 
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The oxygen and hydrogen production rates are plotted in Figures 5.1-3 and 
5.1-4, respectively, and are a measure of the instantaneous production rates 
of the OGA. For example, in order to provide the nominal daily requirement 
of 7.4 lbjn/day at a 60% duty cycle, the instantaneous oxygen production rate 
would have to be 12.33 Ibm/day, as depicted in the plots. As stated earlier, 
the oxygen and hydrogen flow rates were verified correct at the minim um, 
no min al and maximum oxygen requirement. 


Current to the electrolysis cell stack is presented as Figure 5.1-5. The plot of 
current vs. time mi mi cs those of the gas production rates since the latter are 
a direct function of the former. The standby current level for the system from 
hour mark 50 to 145 was 2 amps; however, this level was reduced to 1 amp 
when testing revealed the electrolysis power supplies could be adequately 
controlled at such a low current level. 


5.2 Recirculating Water Loon Performance 

One of the key reasons for refurbishing the LFSPE oxygen generation 
subsystem was its inability to adequately prime during system start-up. The 
original system employed a water purging technique at system start-up in 
order to purge the loop of oxygen that had come out of solution during system 
depressurization. However, the purge typically lasted 30 minutes or longer 
and was only about 50% effective in priming of the recirculation water pump. 
The refurbished SPE OGA eliminated this pump priming problem by: 
reducing the loop operating pressure; maintaining the pump inlet above 
ambient pressure during all aspects of system operation; and, repackaging 
the system to mi n i mi ze potential 1-g gas traps. As part of the acceptance test 
program, the SPE OGA was subjected to a number of powered and 
unpowered shutdowns to determine the effectiveness of the system changes 
to allow proper operation of the recirculation pump during system start-up. 
After each system shutdown and restart, the pump was able to prime and 
begin recirculating water through the system in only a matter of a few 
seconds. 
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Additional changes to the recirculating water loop included modifying the 
bellows accumulator level sensor, incorporating a liquid to liquid heat 
exchanger, and replacing the pressure sensor used to calculate a water flow 
rate with a thermal flow switch. The bellows accumulator level sensor was 
modified from seven discrete switch points to an analog device, allowing the 
controller and the operator to know more accurately the level within the 
accumulator at all times. The liquid to liquid heat exchanger, as mentioned 
earlier, maintains the correct operating temperature of the recirculating 
water loop even with all 18 cells operating at a cell potential of 2.5 Vdc. The 
flow switch monitors the flow rate to the module, and initiates a system 
shutdown if a low flow condition occurs. 


During the first half of the test program the flow switch registered a number 
of low water flow conditions, sometimes resulting in a shutdown of the 
system. A low flow shutdown is triggered by the system controller if the 
recirculating water flow rate is below the flow switch setpoint for 10 seconds. 
The calibration of the flow switch was checked a number of times and was 
found to be correct on all occasions. The speed of the motor, and hence the 
water flow rate, was increased incrementally from 0.48 GPM to 0.60 GPM to 
determine if higher flow rates would prevent the shutdown from occurring. 
However, a number of low flow conditions were recorded after the pump 
speed was set at the 0.60 GPM setting, 

A number of actions were taken with respect to the recirculation water loop 
hardware in an attempt to resolve the low flow condition. At the 190 hour 
mark, the deionizer bed was removed from the recirculation loop. The bed 
was removed since, due to its high pressure drop, it was a source for dissolved 
oxygen to come out of solution and, because of its geometry, it acted as a 1-g 
gas trap. The theory was that the gas bubbles which collected in the bed 
housing would cause channeling in the resin bed, resulting in even higher 
pressure drops. Eventually, sufficient gas would collect in the bed housing to 
cause the pump to stall. Or, the bubbles would escape the bed and migrate to 
the flow switch, causing it to trigger a loss of flow condition. The system was 
returned to test; however, the occasional low flow condition persisted. 
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At the 215 hour mark, the oxygen phase separator was rotated 90° since, 
after further reviewing the package assembly, it was deemed to act as a 1-g 
gas trap. Figure 5.2-1 depicts the orientation of the phase separator before 
and after the rotation. As the oxygen-saturated water flows through the 
hydrophilic membrane of the phase separator assembly, some of the oxygen 
comes out of solution as tiny gas bubbles. The orig inal orientation of the 
phase separator had the water outlets at the 3 and 9 o'clock positions, 
allowing the bubbles to coalesce and collect in the top half of the water 
cavities of the assembly. Changes in the operating pressure or temperature 
of the phase separator assembly could cause the gas bubble at the top of these 
cavities to expand, resulting in a substantial quantity of gas becoming 
entrained in the water outlet ports. The gas would flow to the bellows 
accumulator and finally to the pump inlet, resulting in cavitation of the 
pump. Hence, the phase separator assembly was rotated 90° such that the 
water outlets were at the 6 and 12 o'clock positions. In this manner, oxygen 
bubbles evolving from solution would be swept out of the water cavity in a 
more uniform manner, rather than as potential slugs of gas. The system was 
returned to test, but still occasional low flow conditions occurred. 


At approximately the 265 hour mark, the OGA was shutdown, and the 

following actions were undertaken to determine the cause for the occasional 
low flow condition: 

• A strip chart recorder was installed to monitor the output signal from 
the flow sensor, and the input signals to the two motor controllers 
that drive the brushless DC motors on the recirculating water pump 
and the feed water pump 

A rotameter was insta ll ed at the pump outlet to vis uall y monitor the 
flow rate of the recirculating water loop. The rotameter was installed 
in the loop using 3/8" O.D. PFA tubing. 

• The 3/8" O.D. stainless steel tubing connecting the water output from 
the phase separator to the bellows accumulator inlet, and that 
connecting the bellows accumulator outlet to the pump inlet were 
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replaced with translucent PFA tubing. A video camera was installed 
in the test facility to monitor the water quality exiting the phase 
separator-entering the bellows accumulator and exiting the bellows 
accumulator-entering the pump inlet. 


The system was returned to test and, as expected, it was observed that the 
oxygen phase separator water outlet occasionally released a stream of small 
gas bubbles into the water outlet. However, it was also observed th at the 
bubbles entering the bellows accumulator tended to coalesce, resulting in 
larger bubbles exiting the accumulator and entering the pump inlet. A 
review of the bellows accumulator geometry revealed that the port 
connections of the tank were below the dome of the accumulator such that it 
became a 1-g gas trap. 


On the morning of May 23, at the 322 hour mark, a low flow condition was 
registered on the strip chart recorder. The duration of the low flow condition 
was approximately 8 seconds, 2 seconds short of triggering an alarm 
condition. A review of the video tape revealed that a fairly large stream of 
bubbles exited the phase separator and were deposited into the bellows 
accumulator. A second stream of bubbles emerged from the separator and 
entered the accumulator, followed by a large stream exiting the accumulator 
The pump imm ediately became gas bound and the flow of water ceased. A 
large bubble was trapped directly at the pump inlet and at the exit of the 
bellows accumulator. During the 8 second period, the p um p was able to 
"consume" the bubble, and flow was reestablished. 


In order to prevent the bellows accumulator from b ehav in g as a 1-g gas trap, 
the plumbing to it was modified such that the flow of water went directly 
from the phase separator outlet to the pump inlet, with the bellows 
accumulator connected to the recirculating water pump on the r un of a union 
tee. In this manner the bellows still functions as an expansion vol um e during 
cell stack current changes and as a batch feed tank for the electrolysis 
process. The system was run for approximately 144 hours without indication 
of a loss of flow condition. At approximately the 475 hour mark, the PFA 
tubing was replaced with stainless steel tubing, and the rotameter was 
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removed from the recirculating water loop. The 
operate without a loss of flow condition during the re g 

test program. 

Pressure drop across the hydrophilic element of the oxygen phase separators 

presented in Figure 5.2-2. The different events that led to changes i 

oressure drop are depicted in the text boxes on the graphs. - -e change - 

le of most interest, however, is shortly after the rotameter was removed from 

the system and the PFA tubing was replaced with stainless steel a 

475 hour mark When testing was resumed, it was observed t a 

pressure drop across the hydrophilic element experienced a number o 
pressure up D „ ssure at the cell stack outlet (see Figure 5.2-3). 

XughVe pressure drop was significantly lower than the 36 i psid bubUe 
point of the hydrophilic membrane, it was a phenomenon that had 
observed before and therefore required investigation. 

While reviewing the test data, it was determined that most of the transient 
“ns occurred shortly after the feed pump completed introducing water 
ZZ the recirculation loop. Since the majority of the recirculation water loop 
“Hce is downstream of the teed pump, — onof an ad.tio n, 

dampened lUeldditional water volume passes through the separator 
1 the normal flow/pressure regime is re-established. The transient was not 
H when the rotameter and PFA tubing were in the loop since the 
volume of water introduced was a smaller percentage of ^e loop vohune 
upstream of the phase separator. This additional loop 

pressure transient to essentially zero at the phase separator inlet In orderto 
reduce the spike of the transient, the feed pump outlet was relocated fr 
immediately 3 upstream of the electrolysis cell stack to immediate^ 
downstream^ of the recirculation pump outlet at the 670 hour mark. ft. 
addition, the volume of water introduced by the feed pump ’ re * 

These two events helped to reduce the frequency and amplitude the 
transient conditions. Overall, the performance of the oxygen phase separator 
was satisfactory through the duration of the test program. 
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53 Hydrogen Phase Separa tor Performannp 


As stated earlier, the hydrogen phase separator was revised to include two 
hydrophilic-hydrophobic cavities rather than a single hydrophilic element, 
and to eliminate the hydrogen sense cell whose function had been essentially 
bypassed during the 1990 test program. The performance of the hydrophilic- 
hydrophobic portion of the refurbished phase separator was satisfactory 
during the conduct of this test program. The pressure drop across the 
hydrophilic element is presented as Figure 5.3-1. This separator also 
experiences transients in hydrophilic membrane differential pressure; 
however, these transients occur when the system is transitioning from the 
dark side of the orbit to the light side. When the current to the electrolysis 
cell stack begins to increase, the hydrogen gas which serves as the reference 
pressure for the differential back pressure regulator increases in pressure 
more rapidly than the water at the inlet of the regulator. As a result, the 
differential pressure measured across the hydrophilic element climbs ' and 
remains high until the water pressure can catch up. The length of the 
transient condition is typically less than 30 seconds, and the differential 
pressure never exceeds the 36 psid bubble pressure of the hydrophilic 
membrane. The data plots only show pressure transients centered about the 
60 hour mark and the 440 hour mark due to the fact the data is logged to disk 
only once every 5 minutes, and the duration of the transition is only 
approximately 30 seconds for each 90 minute cycle. 

The electrochemical hydrogen pump performance was satisfactory throughout 
the duration of the program. However, the circuit which controls current to 
the cells experienced some problems. Since the electrochemical hydrogen 
pump cells behave as large capacitors, a special circuit had been designed to 
control the current to the cells. However, the circuit frequently 
malfunctioned, resulting in the cells either not charging at all or charging too 
rapidly. If the cells tried to charge too rapidly, the power supply would go 
into current limit mode by reducing the voltage to the load. The problem was 
later traced to an electrical contactor that was in the process of burning out 
and finally failed closed, resulting in damage to the components in the control 
circuit. An analysis of the circuit revealed that the power supply sense line 
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connected to the positive terminal of the electrochemical hydrogen pump cells 
provided a current path from the charged cells back to the power supply once 
power was removed from the supply. With voltage present at the contacts of 
the electrical contactor while the relay was switched, significant arcing 

occurred resulting in the contactor ultimately failing closed. Theorem was 

rewired to connect the power supply positive sense line directly to the power 
supp'y output line rather than the positive terminal of the hydrogen pump 
cells! thereby eliminating the current path back to the power supply 
Corrections to the power supply control circuit were completed at the 265 
hour mark, with satisfactory performance for the remainder of the tes 
program. The average hydrogen pump cell potential and total cell current 
are presented in Figures 5.3-2 and 5.3-3, respectively. The cell potential is 
maintained at approximately 1 Vdc by the power supply; the total curren 
typically varies between 0.25 amps for the standby level, and 0.50 amps for 
full production. Occasional spikes in the current are attributed to the in-rus 
current associated with charging completely discharged pump cells. 


The hydrogen generation pressure is presented in Figure 5.3 4. The 
hydrogen pressure varies as a function of the generation rate due to the 
pressure drop across the Item 104-1 check valve, and the error associated 
with the Item 120 back pressure regulator. At approximately the 265 hour 
mark, the Item 053 purge valve experienced a shorted coil, resulting in a 
system shutdown and depressurization. The valve was remove a 
returned to the vendor to replace the coil and to add a heat sink to the valve 
housing to reduce the coil operating temperature. While the valve was eing 
repaired, a spare valve was installed in its place and connected to the system 
With Teflon hoses. During this time period, the nitrogen ink* valve 
began cycling because the system nitrogen pressure was decaying. Since the 
regulator controlling hydrogen pressure is referenced to nitrogen, as the 
nitrogen pressure dropped the hydrogen pressure followed In order to 
prevent the system from experiencing a shutdown due to low hydrogen 
pressure, the setpoint which controls the opening of the facility nitrogen valve 
was increased. The Item 053 valve was re-installed into the system at the 
375 hour mark; performance of the nitrogen-reference hydrogen pressure 
control system was satisfactory for the remainder of the test program. 
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The ^dan 4 bellows accumulators (Items 605-1 and -2) manage the feed 
*0“ the facility as well as the protonically pumped water from the 

Jctio°Hh Pl ^, e Separat ° r - b addition - as outlined in the system description 
section,, the fill rates and absolute volume of each tank serve as a method of 

he c ^ ° fthe hydrogen phase separator assembly. During the 
first 475 hours of operation, the control laws governing operation of these 

systm 0 w “7, Varfed 3 aUmber of ^ try to match actual 

system performance. The variables that were adjusted included the factor 

“ S , ed * CalCUlat f the proton water Sow rate; the tolerance for the calculated 
fill rate versus the measured fill rate; the setpoints for introducing feed water 

mto the tanks from the facility; and the maximum volume for each of the 
tanks. The first two variables were the most difficult to establish since the 
evel sensors for the bellows accumulators, although they provide an analog 

rTedTnl S T , 6 appr0 ” mately 1 in3 step ohanges in their volume 
imnmif 8 * tune> 4116 system experienced a few shutdowns due to 

imul °k the tell0WS accumulatore - The final control laws were 

implemented at the 475 hour mark; the operation of the bellows tanks was 

flawless for the remainder of the test program. Total water volume managed 
by the dual accumulators is presented in Figure 5.4-1. 

55 Electronic Test. Data 

The software for the Command & Display Unit (CDU) was created to record 
data both on a line printer and to disk. When recording data to disk, the 
CDU writes the data to a buffer at the rate of once per second such that, in 
the event of a system failure, the CDU will record data for the 30 seconds 

g ® event - ^ *** from disk caD *>e imported into a spreadsheet 
program for data manipulation and the generation of trend plots similar to 
those presented in this report* 

During the conduct of this test program, data was recorded at the rate of once 
per minute to the line printer, and once every 5 minutes to the disk during 
no operation. Rather than producing photocopies of the line printer 
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data, a set of 8 floppy disks containing the electronic data is being provided 
as part of this report. The data has been compressed and is stored in self- 
extracting archives. The self-extracting archives will work with any 
Macintosh computer model except the 128K and 512K. The extracting 
computer must be r unning System File 3.2 or higher, and it must have 313K 
bytes of free memory available. The files were created using Microsoft Excel 
4.0, and compressed using Compact Pro, on a Macintosh II computer 
operating with System Software 7.0.1. 


The data files have been mani pulated into two categories: total data and 
process data. Total data represents all the test data, including data recorded 
in the PURGE, PROCESS- VENT, PROCESS, and FAILURE states. The 
process data files only contain data while the system was in the PROCESS 
state; thi s data was used in the generation of the trend plots presented in this 
report. The total data was useful for troubleshooting; however, since it 
wmtfnng all the test data, these data files can be cumbersome to work with. 

6.0 FIELD SUPPORT 

Hamilton Standard will verify proper installation of the SPE OGA into the 
NASA/MSFC test bed and will provide on-site support during the test 
program. This support will be provided primarily by Hamilton Standard 
personnel resident in Building 4755. In addition, Hamilton Standard 
personnel based in Windsor Locks, Connecticut, will be available as necessary 
to provide test support. 

7.0 CONCLUSIONS AND RECOMMENDATIONS 

The effort to refurbish the SPE Oxygen Generator Assembly has been 
extremely successful. The system has been revised to eliminate the 
operational deficiencies present in the original unit, and has successfully 
implemented other design changes to allow variable, cyclic oxygen generation 
in order to satisfy the new mission requirements for the ISSA. In particular, 
the SPE electrolyzer, oxygen/water and hydrogen/water phase separators, the 
three key elements of the SPE OGA, have demonstrated their unique ability 
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to perform over a wide range of variable operating conditions, and to adjust to 
those conditions rapidly. Transitions from the light side of the orbit to the 
dark are made instantaneously, while the reverse direction takes 
approximately 40 seconds and appears to be only limited by the performance 
of the back pressure regulator controlling the hydrogen phase separator. 
During this acceptance test program, the SPE OGA completed approximately 
460 cycles simulating the space station orbit, demonstrating flawless 
performance of these technology items. 


Since the goal of this effort was to develop a reliable, robust system that 
successfully demonstrated the viability and flexibility of the SPE OGA to 
meet the ISSA requirements, this technology demonstration system did not 
address other key issues such as weight, volume, or total system power 
requirements. The progression of the SPE OGA to a flight design could 
possibly include: 


1) Reducing the weight of the cell stack and phase separator 
compression system, possibly through the use of composite end 
plates. 

2) Reducing the weight of the nitrogen-hydrogen gas management 
system by e limin a tin g the valve manifold and incorporating an all- 
welded tube assembly. 

3) Reducing the power of ancillary equipment by using latching valve 
assemblies rather than solenoid valves, and eliminating the feed 
pump by resizing and redesigning the feed water bellows 
accumulators. 

4) Fine tu ning of the pressure control system for the hydrogen phase 
separator if the present transition rate from dark to light 
(approximately 40 seconds) is too long. 

The refurbished SPE Oxygen Generator Assembly could serve as a test 
vehicle for evaluation of these and other design concepts that would allow for 
the steady development of a flight system. 
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FOR 

BASELINE TESTING 
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LFSPE OXYGEN GENERATING ASSEMBLY (OGA) 
CONTRACT NO. NAS8-38250-23 
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1.0 OBJECTIVE 

perfoS™ ?heLFSPEOOA Te n S ‘ P l“ H *L define a «“*•« ° f ‘«ts to be 
has been re tumed t n H^ ui P S ? rafi ^hishment of the unit. The OGA 

identified during field testing of ‘j “ rr ' ct °P er ational deficiencies 

changes to &e fystem if^der T?' ^ *° effect l “«‘™ and software 

requirements for the International sJaceSte'fiSphaTl^A)* Sftfte m 
be conducted on the unit inrlnHo ™ ae i,kr i" • pna The tests to 

SE55Wm3SS55S3SbS 

baseline test conducted 'JSumSSc: t Bu^g^to 

A A - . _ 


2.0 TEST ARTICLE DESCRIPTION 


SPET‘ w e a te J lqU , ld “? de feed electrolysis 
separator and hy^U^waterXj^L* T ctrol ^ e '-. water/oxygen phase 
with interconnecting cables Th* ® ® e P aratpr > and a DC power supply cart 

Standard drawmgnSmber^SKl, fifing#® 'T,‘ ,S defined in Hamilton 
into the facilitv^ii k? bV ^Kl 16600 Rev. A. Installation of the system 

TDH-ICD/99 Rev. E. k accorda nce with the Interface Control Document, 
3.0 TEST PLAN 

i^t^lation^r^^th^faciii^y °" LFSPE 0GA once 

the test program the test Jonducter ^nH a At c ° ncIusion of each phase of 
review of thirst %££&*£ N ° — 


31 Verify Wajf nt ™ n 


verified. ° For 3 purposes o^this mStaUatIon the test facility must be 

the facility through thp nywen P rogram, oxygen will be allowed to vent to 

power supply P ’ “ 28 Vdc power ^ be supplied by a separate 

Unit (CDUl’toftwarf vSf beaded inte an'lBM^ Con T and 3116 Display 
wifi serve as the CDU. A harnet^^^^^^ 
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installed, and a line printer to record system performance 
data will be connected to the computer. . 


Conducted by:. 



ilnfi 


Ullm Verified by*/ 



if A aV 




; 7 o 

i s • - y 


32 Verify Software Setnoints 

After verifying installation of the LFSPE OGA into the test facility the unit 
can now be energized Electrical power is provided to the system by turning 
thellSVacand 28 Vdc arcmt breakers (CBl and CB3, respectively) located 
at the top of the EIB to the "ON" position. Initiate the CDU program and 
verify the system status is in the OFF mode, OFF state NORMAI etatnc 
^ect the VIEW OPERATION screen by dep re ssing tt ^ F6 Ly^enfy ae 
S,n es . :° r J* 1 ® setpoints by comparing to the Static Parameters State Table 
n 6 S °^ 8 , Re r rements Specification for the LFSPE OGA, 
rL?'? 1 ^ 7 ? 9 Re X - F (red i med )- A copy of the table is included for reference. 
fS- T resolve any discrepancies between the values in the table and 
tnose displayed on the screen. 


Conducted by:. 



^.f/fy Verified by 

y 


3 -3 Verify Manual Mode 


■ASJ'-o £2 : r(/r 4 , V 7 


2* the^OD^ SEL^OTRTM State> v5 7 th th - SyS ? m status NORMAL, 

MANTTAT ™a E SELECTION screen by depressing the F3 key. Select the 
MANUAL mode. Depress the F5 key to select MANUAL OPERATION and 
f* “5 Prompt, enter the appropriate password to access the table. Actuate] 
m order and singularly, the components listed in the table. Deactivate each 
component upon verification of its proper operation, and record the test 
resuits on the hard copy of the MANUAL OPERATION screen included in 
r? st p ] an - Record and resolve any problems encountered during 

MANTTAT °i^} y C u mp ij n ?u t ' Some components may not be actuated in the 
j sho ! lld , the control laws governing their operation not be 

Re ®» the MANUAL MODE DEFINITION section of the SRS 
loYo-21) tor additional information. 

: — ■f/tAy Verified by: 


Conducted by: 

3.4 Baseline Test 


A performance test of the LFSPE OGA will be conducted to establish a 
*° r t f le e ect J°. ysis stash, the water/oxygen and hydrogen/water 
phase separators, and heat rejection requirements for the recirculating water 
loop. In addition, the test will verify the integrity of the lystem 
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MANUAL MODE DEFINITION 


SYSTEM: LFSPE 

COMMENTS: 


PAGE 1 OF 2 


(1) Power supply and power supply current are not allowed to be activated In 
the MANUAL mode; specifically PWR785, CNTL785, PS796 and PS797. All other 
devices can be altered manually. 


(2) The recirculating water pump, PMP463, and the feed water pump, PMP464, may 

be turned ON/OFF In the MANUAL mode. However, the following rules apply: 

(a) If PMP464 - “ON" then: 

PMP463 - "ON" 

CNTL464 - "LOWPMP" 

CNTL463 - "RECIRC" 

Y081-2 - "OPEN" 

(b) If PMP464 - "OFF* then CNTL464 - 0.0 and V081-2 - "CLOSED". 

(c) If PMP463 - "ON" then CNTL463 - "RECIRC" 

(d) If the operator commands PMP463 - "OFF", the operator must manually 

set PMP464 - "OFF* first. If PMP464 - "OFF", then set CNTL464 - 0.0 

and V081-2 - "CLOSED"; If PMP463- "OFF" then CNTL463 - 0.0. 

(e) While any of LEY606-4 thru -7 - "ON", then operator comnands for 
PMP464 should be overridden by PMP464 - "OFF", CNTL464 should be set 
to 0.0 and V081-2 - "CLOSED". 


(3) Upon entering the MANUAL mode, if Y003 position Is unknown due to a cold 
software start (the last known position of the valve Is lost from memory), 
then PMP464 - "OFF", CNTL464 ■ 0.0, Y081-2 - "CLOSED" and Y081-1 - "OPEN". 


(a) If LEV605-1 Increases by 0.5 cubic Inches, set V003 position to 

FILL2/DRAIN1 and all associated variables to FILL2/DRAIN1, and command 
Y081-1 - "CLOSED". 

(b) If LEV605-2 Increases by 0.5 cubic Inches, set V003 position to 

FILL1/DRAIN2 and all associated variables to FILL1/DRAIN2, and command 
V081-1 - "CLOSED". 
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SYSTEM: LFSPE 

COMMENTS: 


PAGE 2 OF 2 


(4) open/closeo «■ «. 
the feed water bellows accumulators, Item?605-l Md V 605-2^ r extens1on 

After the position of V003 is determined: 

(a) If V003 - "FILL1/DRAIN2" and 

(I) If LEV605-2 < - "LOWLEY" then 
comnand V081-1 - "OPEN" 

(II) If LEY605-2 > . "MEDLEY- then 
command Y081-1 - "CLOSED" 

(b) If V003 - "FILL2/DRAIN1" and 

(1) " L0WLEV " then 
command V081-1 ■ "OPEN" 

(,,) ^ E n V fvo'8I-,-.'S. th “ 

M ^‘“ d '" r9 |to2e*”! V tte )" y b * 0PEN/CL0SED 1" «>e 

ll r; 8l -3 - “OPEN", set Y081-4 - "OPEN" 

$et t V081-3™ t °CL0Sa" , 'f* r st? 1 ' 4 • ■ CL0S ®'- tie operator «« 

(6) The nitrogen Inlet valve vn*i 9 

Anf?; nay be OPEN/ CLOSED in the MANUAL d mo2f 5y u^ nitr °gen purge valve, 
applies to prevent pressurizing ST^sS?* ^ thC rufe 

(e) If P706-2 > - ■WBPRESS- pslj, then set V0S3 . -OPEN-. 
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loop. In addition, the test will verify the integrity of th ®. 
instrumentation and all actuated components prior to system refurbishm . 
Any malfimctioning component will be identified and repaired or replaced 
necessary. 

During the baseline test, a line printer will be connected to the CDU to rec °^ 
key operational data such as electrolysis cell potentials, phase separa 
membrane pressure drop and cell stack temperature nse. The data will be 
used, in part, as a baseline to determine the effectiveness of the system 
refurbishment. 

Initiate baseline testing of the system by accessing the MODE SELECTION 
screen (depress the F3 key) and selecting the ON mode The system «aU 
transition from the OFF mode OFF state to the ON mode PURGE state. 
Refer to the SRS to verify proper sequencing of components within the system 
during the PURGE state. Record any discrepancies observed while in the 
PURGE state, particularly operation of the recirculation pump, Item 463, and 
the recirculation loop bellows accumulator. Item 606. Operation of these two 
components to effectively purge the recirculation loop of gas during start-up 
was ineffective during testing of the unit at NASA/MSFC. 

After satisfying the requirements of the PURGE state, the system will 
transition to the PROCESS-VENT state. At this point, the electrolysis power 
supplies are activated and DC power is supplied to the cell stack. 
Pressurization of the oxygen and hydrogen circuits in the system coma es 
with gas generation. Record any discrepancies observed while in t 
PROCESS-VENT state, particularly the quality of the hydrogen vent line. 
During testing of the unit at NASA/MSFC, a significant quantity of water 
was present in the delivery line at low hydrogen operating pressures. 
Monitor cell potentials and pressure differentials across both phase 
separators once gas generation has begun. 

Once the requirements of the PROCESS-VENT state are satisfied, the system 
wiU transition to the PROCESS state. Since the 3-w^ solenoid valves that 
redirect the flow of the product gases from the VENT interface to the 
OUTLET interface failed during testing in the field, there is no change m the 
system status when going from these two states. Once m the F ROLbb 
state, select the CONFIGURATION CONTROL screen by depressing the * 4 
key and select the EMERGENCY setting. Verify the current to the 
electrolysis cell stack increases from 60 amps to 79 amps. Return to the 
CONFIGURATION CONTROL screen, and return the system; 
NORMAL. Operate the unit at both the NORMAL and EMERGENCY 
settings for sufficient time to observe any trends in performance ot key 
system components, such as cell potentials and phase separator membrane 
pressure drop. Continue to record test data on the line printer for the 
duration of the baseline test program. 


Conducted by:. 
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1.0 OBJECTIVE 


The purpose of this Master Test Plan is to define a series of tests to be 
performed on the refurbished SPE Oxygen Generator Assembly (OGA). The 
SPE OGA has been refurbished to correct operational deficiencies identified 
during field testing of the unit, and to effect hardware and software changes 
to the system in order for it to be consistent with the most recent 
requirements for the International Space Station Alpha (ISSA). The test 
program defined in this document will verify the integrity of the subsystem 
hardware and software and will test the effectiveness of the refurbishment. 


2.0 REFERENCE DOCUMENTS 

The following documents for part of this document to the extent specified 
herein. If no documentation revision letter is shown, the latest revision will 
apply. 

SVHSER16748 Software Requirements Specification for the 

SPE OGA Command & Display Unit 

SVHSER16750 Software Requirements Specification for the 

SPE OGA Process Controller 


3.0 TEST ARTICLE DESCRIPTION 

The SPE OGA, shown schematically in Figure 2.0-1, safely generates oxygen 
and hydrogen gas from the electrolysis of water. The oxygen gas is generated 
and delivered at ambient pressure directly to the environment, while the 
hydrogen is generated at slightly elevated pressure for possible delivery to a 
CO 2 reduction system. The SPE OGA includes all valves, regulators, sensors 
and other controls for safe operation of the system. 

The cell stack is a liquid anode feed water electrolyzer consisting of 18 SPE 
water electrolysis cells assembled in a bipolar arrangement between two 
compression end plates. In the electrolysis process, liquid water is fed to the 


B-4 


UNITED 




SPEOGA 

Master Test Plan 
Rev. Basic 


. . ni „ r hed w ensure the water is free of any ionic contamination (cation 
" nT^t would be detrimental to cell life. A conductimty ^or 
^immediately downstieam of the deioniser bed monitor, waUr quahty 
and performance of the deioniser bed. Water flow to the module ,s momto 
by a flow switch located immediately upstream of the cell stack. 

The oxygen gas produced in the SPE electroly^ is M ^ 
purities of 99.5% or greater typically measured. Since th 
designed to operate with hydrogen pressure always greater than oxygen 
pressure redundant combustible gas sensors located at the oxygen ou 
interface* constantly monitor the oxygen for hydrogen. A pressure sensor 
initiates a shutdown should an obstruction occur in the dehvery hne. and a 
relief valve provides redundancy in the event of a Med pressure sens . 

The hydrogen-water exiting the cell stack is mostly hydrogen gas by volume 
with a small amount of liquid water present from protonic pumping in 
exchange membrane. The hydrogen/water phase separator employs two 
cavities each containing a hydrophilic and hydrophobic membrane, and 
similar in design and operation to the polishing section of the oxygenfwater 
phase separator. The hydrogen gas passes through the ^phobic 
membranes to the hydrogen valve manifold containing the pre»u» control 
system and the water is delivered to the ’stripper section of the phas 
separator The stripper section contains four electrochemical hydrogen 
pips that remove dissolved hydrogen from the water before itis, * 
the water recirculation loop. The electrochemical hydrogen pump «««» 
SPE membrane and electrode assembly similar to the elections mo^an. 
and electrode assembly. The degassed water is subsequently dehve ^ ‘"““ 
of two metal bellows accumulators after dropping in pressure through a 
negative bias back pressure regulator referenced to hydrogen. 

As stated previously, the water exiting from the separatoris stored in one of 
two metal bellows accumulators. Two tanks, in conjunction noth the fom> 
way ball valve, are provided for fault isolation in the event of a fmlure of the 
hydrogen phase separator that is undetected by either the difTerenttal 
pressure sensor or the stripper cell voltage and current monitors. While 
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water is being fed to one tank from the phase separator the second ig 
providing water, as required, to the water recirculation loop via the feed 
water pump. Employing two tanks in this manner ensures that hydrogen gas 
is not introduced into the system anode loop, where it would subsequently 
flow into the oxygen delivery system. As an additional back-up, redundant 
combustible gas sensors in the delivery system would detect hydrogen carry- 
over into the anode loop and initiate a system shutdown. 


Hydrogen pressure control is maintained by a differential back pressure 
regulator referenced to nitrogen. The primary hydrogen regulator maintain 
hydrogen generation pressure 25 psid below nitrogen. Hydrogen pressure 
control is monitored by a pressure sensor; shutdown of the SPE OGA will 
occur if hydrogen pressure drifts above or below the normal band of the 
primary regulator. Mechanical backup for both low and high differential 
pressure is provided by the redu ndan t differential back pressure regulator 
and relief valve, respectively. If the primary regulator fails closed and either 
the pressure sensor or controller fails to detect it, the redundant back 
pressure regulator will open to ensure nitrogen pressure is maintained above 
hydrogen. Conversely, should the primary regulator foil open and either the 
system instrumentation or controller fails to detect it, the nitrogen-hydrogen 
relief valve opens to introduce nitrogen into the hydrogen circuit to ensure 
hydrogen pressure is always maintained above oxygen pressure. A three-way 
solenoid valve at the regulator outlet directs flow to either the hydrogen 
outlet interface or to the vent interface. 


As mentioned previously, nitrogen is used as a reference pressure for the 
hydrogen pressure control system. The nitrogen is also used as a purge gas 
during start-up and shutdown transient conditions: during start-up, the 
nitrogen purges any air from the hydrogen lines and, during shutdown, it 
purges hydrogen from the same lines. Nitrogen is introduced from the 
facility through a normally closed solenoid valve. A pressure sensor monitors 
the nitrogen pressure and controls the operation of the solenoid valve. A 
nitrogen accumulator provides sufficient purge volume to safely and 
effectively purge the hydrogen circuit during start-up and shutdown. 
Purging of the hydrogen circuit is accomplished by removing power to the 
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normally open solenoid valve located between the hydrogen and nitrogen 
circuit. 


Feed water is provided to the SPE OGA from the fedlity through a normally 
dosed solenoid valve. Operation of this valve is controlled by the water level 
in the two feed water metal bellows accumulators and the position of the four- 
way ball valve between the two tanks. 


4.0 TEST EQUIPMENT 

Testing of the refurbished SPE OGA will be conducted in one of four test cells 
in the Electrochemical Engineering Laboratory of Building 2 in Windsor 
Locks, CT. Required services for operating the system are: 

• 115 VAC, 60 Hz, 3 phase, 20 amps (provided by Hamilton Standard 
Rig 216) 

•28 VDC, 15 amps 

•IBM Personal System/2, Model 50Z (50-031), with the following 

minimum attributes. 

Operating system: DOS 3.0 

Mass Storage: Fixed disk and removable disk 

Memory: 1 Mbyte RAM 

Printer: Epson FX-1050 

•Test stand for fluid control: nitrogen inlet; feed water inlet; hydrogen 

outlet; oxygen outlet 

•Recirculating chiller, 1 GPM water, 65°F, minimum 1000 watts heat 
rejection 

Other test equipment as required to successfully complete the test objectives 
described herein will be described in the applicable section. 


/ 
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5.0 TEST PLAN 

This section defines the tests to be performed on various subassemblies 
within the SPE OGA prior to final assembly and on the system itself once 
installation into the test facility is complete. At the conclusion of each phase 
of the test program the test conductor and a separate reviewer will verify, by 
signature, that the tests were conducted in accordance with the test plan and 
the results recorded in the test plan were actual measurements. Red-lining 
of this document in order to successfully complete the defined test objective is 
permissible. No other review of this test program is planned or anticipated. 

5.1 Electrolysis Cell Stack Testing 

Testing of the electrolysis cell stack is conducted prior to installation into the 
system to verify the mechanical and electrical integrity of the assembly and 
to measure individual cell performance at the SPE OGA operating conditions. 

5.1.1 Cell stack electrical testing- 

Once assembly of the 18-cell SPE water electrolysis cell stack is completed, 
the module is tested to verify no electrical shorts are present. This is 
accomplished by utilizing the cell short check meter, which charges the cell 
with a battery to a potential of approximately 1 VDC. Once charged, the 
battery is removed and the cell potential is allowed to decay. If the decay 
rate is too sudden, an electrical short is present. The short must be repaired 
prior to initiating any further testing of the module. 

1) Attach short check meter to cell #1. 

2) Charge the cell to approximately 1 VDC. Remove power to the cell 

3) Observe the cell potential decay rate; if the rate is too sudden, the cell 
has an electrical short that must be corrected prior to continuing the test 
program. 
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4) Repeat steps 1-3 for the remaining cells in the assembly. 


Conducted b; 



Verified by: 


tk& if 


5 12 Cffll merhnriiml testing 


After the electrical integrity of the 18-ceU stack has been verified, fitemod^ 
is brought to proof pressure and is subjected to an overboard and cross-cell 

leakage test. 

5 1 2 ,i Overboard proof pressure and leakage test 

Proof pressure testing of the electrolysis module will be at tat 
pressure of 2 times the maximum allowable working pressure (MAWP). 
the refurbished SPE OGA, the MAWP is 75 psig. resulting m a proof pressure 
test of 150 psig. Proof pressure testing of the module will be conducted with 
nitrogen, sin« the proof pressure limit is well within the normal operating 

capability of the cell hardware (approximately 400 psig). Once e P™ 

pressure test of the module is completed, the nitrogen pressure is reduced to 
the MAWP and an overboard leakage test is conducted. 

1) Attach a clean, regulated nitrogen supply to the water inlet mmufold 
and the hydrogen-water outlet manifold. The nitrogen source rfiould have 
a pressure gauge to monitor pressure at the electrolysis module, and 
valve to isolate the nitrogen source from the test item. 


2) Cap the oxygen-water and the remaining hydrogen-water outlet 
manifold. 

3) Slowly pressurise the cell stack by increasing the regulator setting in 
10 psig increments. 
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4) Continue to increase pressure until the nitrogen pressure on the 
gauge equals 150 +2/-0 psig. Maintain this pressure for a minimum of 5 
minutes. After the 5 minute period, slowly depressurize the module by 
decreasing the regulator setting to 1.0 times the MAWP, or 75 psig. 


5) Close the shut-off valve to isolate the module from the nitrogen 
source. Carefully monitor the nitrogen pressure in the module. No decay 
is allowed in a 30 minute test period. 



Upon successful conclusion of the module leakage test, the nitrogen lines to 
the cell stack are reconfigured such that only the hydrogen side of the cells is 
pressurized. The oxygen side of the cell stack is left open to ambient 
pressure, while the hydrogen side is pressurized with nitrogen to three 
different pressure levels. The gas flow rate across the 18 cells is measured, 
and it must be below the normal permeation rate for nitrogen across Nation 
membrane at each of the pressure levels. If a higher rate is detected, a leak 
is present across one or more of the electrolysis cells, either across the cell 
membrane itself or into one of the fluid headers. A cross-cell leak must be 
repaired prior to initiating any further testing of the module. 

1) Attach a clean, regulated nitrogen supply to either of the two 
hydrogen-water outlet manifold ports. Cap the remaining port 

2) Attach a plastic line to either the water inlet manifold port or the 
oxygen- water outlet manifold port Cap the remaining port 

3) Insert the other end of the plastic line in a beaker filled with DI 
water. Install an inverted burette in the beaker and fill the burette with 
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louring a pipette bulb. Place the plastic line in the open end of the 
burette. 

4) Pressurize the hydrogen side of the cell stack with nitrogen to 0»e 

pressure levels indicated below, determine the gas flow rate y 

the T0 lume of water displaced by the nitrogen m the burette. The 

permeation rate should not exceed the values listed below. 


N 2 pressure 
fpsig) 

50 

75 

100 


Maximum permeation rate 

ffyAnin/1 Si 72 °^ 
2.6 
4.0 
5.3 


Measured permeation rate 

( rr/mir 71 ft-ceilg S. 22-JD 
U 

H.o 




5) Slowly depressurize the module and disconnect the nitrogen lines 
from tee module. Refill tee manifolds with fresh, DI water, and cap all 

the fluid ports on the module. 



Verified by: 



Conducted 

5 . 1.3 rvi 1 operational teat 

A 100 hour operational test of the 18-cell electrolysis stack is conducted to 
verify the performance of each of tee cells within tee assembly. 
coveted in a separate test rig at the SPE OGA maximum operating current 
density Individual cell potentials should fall within the ™ n B e 
d JLatelv 1 70-1 75 Vdc at a current density of 215 ampsrtt*. Water flow 

zzzz — e— ■— *— 

the conduct of this test. 

1) Install tee 18-cell module in the mobfle test rig Connect the 
hydrogen-water outlet manifold to a phase separator, with tee hydrogen 
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delivery to the laboratory vent and the water delivery to the laboratory 
drain. 


2) Verify the test rig data acquisition program is operational. 

3) Turn the recirculation pump on; verify a minimum flow rate of 
100 cc/min/cell, or 1800 cc/min through the electrolysis module. 

4) Turn the electrolysis power supply on and set the current level for 
approximately 5 amps. Monitor individual cell voltages, ensuring proper 
charging of each of the 18-cells. 

5) Increase the current setting to 50 amps; note the time on the test rig 
timer. Operate the module for 100 hours. Set the data acquisition system 
to record performance data of the module at the rate of once per hour. 

6) At the conclusion of the test program, verify performance of the cells 
is within acceptable limits. Remove the module from the test rig and fill 
the m a nif old ports with fresh, DI water. Cap all the manifold ports. 


Conducted by:. 



Verified 



5.2 Oxygen Phase Separator 


Testing of the oxygen phase separator is conducted prior to installation into 
the system to verify the mechanical integrity of the assembly and to verify 
the performance of the hydrophilic and hydrophobic mAmK^ 

5.2.1 Mechanical testing 


The oxygen phase separator assembly is subjected to a proof pressure test at 
a minimum pressure of 2 times MAWP for the recirculating water loop, 
followed by a leakage test at a minimum pressure of 1 fim^c MAWP. For the 
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refurbished SPE OGA, the MAWP of the recirculating water loop is 30 P«g. 
resulting in a proof pressure test requirement of 60 psig. When conducting 
proof pressure and leakage testing, all three fluid ports (two pba* iud«t. 
water outlet and oxygen outlet) are simultaneously pressurised to protect the 
separator membranes from high differential pressures. Once ““proof 
pressure test of the separator is completed, the nitrogen pressure m reduced 
to the MAWP and a leakage test is conducted. 


1) Attach a dean, regulated nitrogen supply to the oxygen-water inlet 

.fold the oxygen outlet manifold and the water outlet manifold. The 

nitrogen source should have a pressure gauge to monitor pressure at the 
electrolysis module, and a shut-off valve to isolate the nitrogen source 

from the test item. 

2) Slowly pressurize the separator assembly by increasing the regulator 
setting in 10 psig increments. 

3) Continue to increase pressure until the nitrogen pressure on the 
gauge equals 60 +2/-0 psig. Maintain this pressure for a minimum of 5 
minutes. After the 5 minute period, slowly depressurize the separator by 
decreasing the regulator setting to 1.0 times the MAWP, or 30 psig. 


5) Close the shut-off valve to isolate the separator from the nitrogen 

source. Carefully monitor the nitrogen pressure in the separator. No 

d eC ay is allowed in a 30 minu te test period- 


6) At the conclusion of the leakage test, remove the nitrogen lines and 
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5.2.2 Performance testing 

Performance testing of the separator is conducted prior to installation of the 
separator assembly into the system package to verify proper operation of the 
hydrophilic and hydrophobic membranes. Testing of the oxygen phase 
separator is conducted in the phase separator development test rig in the 
Electrochemical Engineering Laboratory in Building 2. The separator is to be 
tested with only water flowing through the assembly (no oxygen generation), 
and with a two phase mixture generated from a 12-cell electrolysis stack 
operating at 150% of the maximum current density level for the OGA 18-cell 
stack. Membrane pressure drop and water flow rate will be monitored. No 
water carry-over into the product gas stream is allowed. The amount of gas 
present in the water outlet stream will be measured; the level of gas present 
should not exceed that predicted by Henry's Law. 

1) Install the oxygen phase separator assembly in the phase separator 
development test rig. 

2) Start the test rig. Verify a water flow rate of 1800 cc/min through the 
12-cell electrolysis stack. 

3) Record the hydrophilic and hydrophobic membrane pressure drop. 
Verify outlet streams are clean, i.e. no gas in the water outlet and no 
water in the gas outlet. 

4) Turn the electrolysis power supply on and set the current level to 
approximately 3 amps. Record the hydrophilic and hydrophobic 
membrane pressure drop. 

5) Slowly increase the current level to the cell stack to 75 amps. Record 
the hydrophilic and hydrophobic membrane pressure drop. Verify the 
outlet streams are dean (NOTE: Occasional bubbles in the water outlet 
stream are expected due to gas evolving from solution due to the drop in 
pressure across the hydrophilic membranes). 
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6) Measure the amount of gas being evolved in the water loop due to the 
drop in pressure by installing a graduated cylinder immediately 
downstream of the separator water exit. The oxygen evolution rate should 

not exceed 21 cc /min . 


Measured evolution rate: 



cc/min 


7) Cycle the current setting to the electrolysis cell stack; verify proper 
operation of the phase separator at both extremes of operating current 

levels. 

8) At the conclusion of the test fill the manifold ports with fresh DI 
water. 


( 


Conducted by:. 






5.3 Hydrogen P hase Separator Testing 


Testing of the hydrogen phase separator is conducted prior to installation 
into the system to verify the mechanical and electrical integrity of the 
assembly and to verify the performance of the hydrophilic and hydrophobic 

membranes. 


5.3.1 Electrical testing 

Once the hydrogen phase separator is assembled, the electrochemical 
hydrogen pumps in the stripper section of the separator are tested to verify 
no electrical shorts are present. This is accomplished by ut ilizin g the cell 
short check meter in the same manner as it was used to test the electrolysis 
cells. Each of the four cells is individually charged and, once charged, the cell 
potential is allowed to decay. If the decay rate is too sudden, an electrical 
short is present that must be rectified prior to operation of the assembly. 
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1) Attach short check meter to pump #1. 
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2) Charge the cell to approximately 1.0 VDC. Remove power to the cell, 

3) Observe the cell potential decay rate; if the rate is too sudden, the cell 
has an electrical short that must be corrected prior to continuing the test 
program. 


4) Repeat steps 1-3 for the remaining cells in the assembly. 



7* 


7 




The hydrogen phase separator assembly is subjected to a proof pressure at a 
minimum pressure of 2 times MAWP for the hydrogen-water circuit, followed 
by a leakage test at a minimum pressure of 1 times MAWP. For the 
refurbished SPE OGA, the MAWP of the hydrogen-water circuit is 75 psig, 
resulting in a proof pressure test requirement of 150 psig. When conducting 
proof pressure and leakage testing, all three fluid ports (two phase inlet, 
water outlet and hydrogen outlet) are simultaneously pressurized to protect 
the separator membranes and the electrochemical hydrogen pump membrane 
and electrode assemblies from high differential pressures. Once the proof 
pressure test of the separator is completed, the nitrogen pressure is reduced 
to the MAWP and a leakage test is conducted. 

1) Attach a clean, regulated nitrogen supply to the hydrogen-water inlet 
manifold, the hydrogen outlet manifold and the water outlet manifold. 
The nitrogen source should have a pressure gauge to monitor pressure at 
the electrolysis module, and a shut-off valve to isolate the nitrogen source 
from the test item. 
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2) Slowly pressurize the separator assembly by increasing the regulator 
setting in 10 paig increments. 



3) Continue to increase pressure until the nitrogen pressure on the 
gauge equals 150 + 2/-0 psig. Maintain this pressure for a minimum of 5 
minutes. After the 5 minute period, slowly depressurize the separator by 
decreasing the regulator setting to 1.0 times the MAWP, or 75 psig. 


5) Close the shut-off valve to isolate the separator from the nitrogen 
source. Carefully monitor the nitrogen pressure in the separator. No 
decay is allowed in a 30 minute test period. 

6) At the conclusion of the leakage test, remove the nitrogen lines and 
fill the manifold ports with fresh DI water. 



5.3.3 Performance testing 


Performance testing of the separator is conducted prior to installation into 
the system package to verify proper operation of the hydrophilic and 
hydrophobic membranes during transient and steady state conditions. 
Testing of the hydrogen phase separator is conducted in the phase separator 
development test rig in the Electrochemical Engineering Laboratory in 
Building 2. Since the test rig has no provisions to evaluate the performance 
of the electrochemical hydrogen pumps, only the performance of the 
hydrophilic and hydrophobic membranes will be verified. The separator is to 
be tested at ambient pressure and at the system maximum expected 
operating pressure of 75 psia (assumes nitrogen reference pressure of 
100 psia), and at cell current levels ra ngin g from the standby level of 2 amps 
to the maximum current level of 50 amps (for the 18-cell SPE OGA stack; 
since the test rig contains only a 12-cell stack, the cell current levels will be 
50% higher, or 3 amps for standby and 75 amps for the maximum current 
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level). Membrane pressure drop at all operating conditions will be monitored 
to ensure the bubble point of the hydrophilic membrane is not exceeded. No 
water carry-over into the product gas stream is allowed. Hie amount of gas 
present in the water outlet stream will be measured; the level of gas present 
should not exceed that predicted by Henry’s Law. 

1) Install the hydrogen phase separator assembly in the phase 
separator development test rig. 

2) Start the test rig. Verify a water flow rate of 1800 cc/min through the 
12-cell electrolysis stack. 

3) Turn the electrolysis power supply on and set the current level to 
approximately 3 amps. Record the hydrophilic and hydrophobic 
membrane pressure drop. 

5) Slowly increase the current level to the cell stack to 75 amps. Record 
the hydrophilic and hydrophobic membrane pressure drop. Verify the 
outlet streams are clean (NOTE: Occasional bubbles in the water outlet 
stream are expected due to gas evolving from solution due to the drop in 
pressure across the hydrophilic membranes). 

6) Slowly increase the hydrogen back pressure to approximately 75 psia, 
ensuring the differential back pressure regulator controlling the two- 
phase inlet pressure accurately tracks the increasing hydrogen pressure. 
Record the hydrophilic and hydrophobic membrane pressure drop. Verify 
the outlet streams are dean. 

7) Decrease the current setting to the electrolysis cell stack to 3 amps, 
the standby current level. Record the hydrophilic and hydrophobic 
membrane pressure drop. 

8) Return the current level to the electrolysis stack to 75 amps. 
Measure the amount of gas being evolved in the water due to the drop in 
pressure by inserting the outlet water stream in the opening of an 
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inverted burette. The hydrogen evolution rate should not exceed 
3.1 ccftnin when the pressure is dropped from 75 psia to ambient 

Measured evolution rate: — — cc/min 

9) Continue to cycle the current setting to the electrolysis cell stack; 
verify proper operation of the phase separator at both extremes of 

operating current levels. 

10) At the conclusion of the test fill the manifold ports with fresh DI 
water. 


r 



A system check-out test will be performed on the complete SPE OGA prior to 
the generation of oxygen and hydrogen gas. The test program wdl mdude 
validation of the system installation into the test fecikty, venfication of 
system communication between the Electrical Interface Box (EIB) and Urn 
Command & Display Unit (CDU), proof pressure testing of the system at 2 
times MAWP, and leakage testing at 1 times MAWP. pon success 
completion of the system check-out test program, performance testing of the 

system can be initiated. 

5.4.1 Yfrifri ngtallatiQn 

Prior to operation of the unit, proper installation into the test fadUfy must be 
verified. A schematic of the test set-up is included as Figure 5.4.1-1. Both 
the oxygen and hydrogen outlet lines from the OGA will be connected to <ai 
respective interfaces on the fluids control panel. The oxygen relief mterfaoe 
will be allowed to vent to ambient, while the hydrogen vent interface will be 
connected to a line vented outside of the test cell. Feed water will be supplied 
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FIGURE 5.4. 1-1 
SPE OGA TEST SCHEMATIC 
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by the facility DI water system; regulated niteogen » £ 

facility nitrogen fern. Electrical power win be .applied by Rig 
U5 VAC, 60 Hi, 3 phase power, and by a Kepco power m*** 
requirement. AH electrical connection, between theelectrolys.s DC F™ 
.apply cart and the system wiU be completed. Chilled water for the OGA 
hqrtid-hquid heat excha^er wiU be ^pUedb^a reorc^ating ■ - Jr- 
Dow rate of 1 GPM and a temperature of 65 F. The cnuier wi 
heat rejection capacity of 1000 watte, minimum. 

Once installation into the facility is completed, the CDU aoftware ^l be 
loaded into an IBM personal computer which wdl serve a. the CDU. A 
harness linking the EIB to the CDU will be instafled, and a line printer to 
record system performance data win be connected to the computer. 



Electrical testing of the system is conducted prior to conducting anyother 
acceptance test to verify proper communication between the system controUer 
in the EIB and the CDU, proper actuation of an electrical components within 
the system package and to verify proper installation of the wiring harnesses. 


5. 4.2.1 Controller/Display Check-out 

Check-out testing of the CDU display is conducted to verify proper state > of 
aU actuated components and proper output of an instrumentation wi e 
system in tlie OFF mode OFF state. 

1) Verify the RS-232 communications cable is properly installed 
between the CDU and the system EIB. 
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2) Apply power to the EIB and the CDU. Verify the system is in the 
OFF mode OFF state. 

3) Compare the status of all actuated components with the required 
status in the Effector Control State Definition Table of the SPE OGA 
Process Controller Software Requirements Specification (SRS) for the 
POR state. There shall be no discrepancies. 

4) Compare the values of all system parameters on the system 
parameter screen with the values listed in Table 5.4.2. 1-L All values 

be within the ranges specified. 

5) Select the Assembly Configuration screen on the CDU by depressing 
the F4 key on the keyboard. The Oxygen Delivery configuration shall be 
set to CONTINUOUS”, and the Hydrogen Delivery configuration shall be 
set to "VENT". 


Conducted by:. 



Z_ 


Verified by: 



5.4. 2.2 Component Actuation/Hamess Check-out 



All electrical components (with the exception of the electrolysis power supply 
and electrochemical hydrogen pump power supply) are actuated to verify 
proper sequence by the controller in the EIB and to verify the integrity of the 
electrical harnesses. Actuation of some of the components in the system is 
governed by control laws contained in the Effector Control Function section of 
the SRS. As a result, the controller may override and/or ignore the riser's 
commands. 


1) Verify that the system and the CDU power is on and that the system 
is in the OFF mode OFF state. 



SPEOGA 
Master Test Plan 
Rev. Basic 






TABLE 5.4.2.1-I 



SPE OGA OPERATING PARAMETERS 


SENSOR 

DESCRIPTION 

VALUE 

W745 

Recirculating water loop flow switch 

NO FLOW 

LEV606 

Retire, water loop bellows accum. level 

0-55 in 8 

LEV605-1 

Feed water bellows accumulator level 

0-55 in 8 

LEV605-2 

Feed water bellows accumulator level 

0-55 in 8 

CVOLUME 

Calculated proton water volume 

0-30 in 8 

MVOLUME 

Measured proton water volume 

0-30 in 8 

P7061 

Oxygen outlet pressure sensor 

15 ±1 psia 

P7062 

Nitrogen reference pressure sensor 

15 ± 2 psia 

P7063 

Oxygen generation pressure sensor 

1 ± 1 psig 

DP709 

Oxygen phase separator differential 

1 ± 1 psid 

DP708 

Hydrogen phase separator differential 

1 ± 1 psid 

P749 

Hydrogen pressure sensor 

1 ± 1 psig 

T762-1 

Retire, water loop temperature 

Amb.±2°F 

T762-2 

Retire, water loop temperature 

Amb. ± 2°F 

T736-1 

Heat exchanger water outlet temp. 

Amb.±2°F 

T736-2 

Heat exchanger water outlet temp. 

Amb. ± 2°F 

CG746-1, 2 

Combustible gas sensor, ambient 

1 ± 1 % LEL 

CG746-3, 4 

Combustible gas sensor, oxygen outlet 

1±1%LEL 

CS755 

Retire, water loop conductivity sensor 

<10umho/cm 

1766 

Electrolysis cell stack current sensor 

1 ± 1 amps 

H2V768-1 

Electrochemical hydrogen pump cell 

< 1 VDC 

thru -4 

potential 


1768-1 thru 

Electrochemi cal hydrogen pump cell 

.005 ±.005 A 

-4 

current 


VLT906-1 

Electrolysis cell potential 

< 1 VDC 

thru -18 
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2) Place the system in the MANUAL mode by depressing the F3 key on 
the keyboard, followed by selecting the MANUAL mode. Once in the 
MANUAL mode, depressing the F5 key on the keyboard, followed by 
entering the correct password, brings up the MANUAL mode menu 
screen. 

3) Actuate, in order and singularly, the components listed in the table. 
Measure the power requirement of each actuated component and record in 
Appendix A. Deactivate each component upon verification of its proper 
operation. Record and resolve any problems encountered during actuation 
of any component. 

4) Return to the Mode Selection screen and place the system in the OFF 
mode. Verify the system transitions to the OFF mode OFF state. 



The controller in the EIB uses variable setpoints in the control software to 
allow flexibility during testing of the SPE OGA. Prior to initiating 
acceptance testing of the system, the correct values for the setpoints are 
verified. 


1) Verify that the system and the CDU power is on and that the system 
is in the OFF mode OFF state. 

2) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. 

3) Verify the Oxygen Requirement is set at 7.40 lh/day, the Light Side is 
set at 54 minutes and the Dark Side is set at 36 minutes, the respective 
default settings. 




%n0 



SPE OGA 
Master Test Flan 
Rev. Basie 


4) View the setpoint data by depressing the FI key on 
Verify the values for the setpoints by comparing to the CDU Setpoint 
Comm unication Data Packet Tables contained in the Control & Disp ay 
Unit Communication Inputs section of the Process Controller SBS. 
Resolve any discrepancies between the values in the table and those 
displayed on the screen before proceeding further. 


Conducted by:. 




Verified by: 



5.4.2.4 Verification of System Anomalies 

The SPE OGA has been designed to safely generate oxygen and hydrogen gas 
from the electrolysis of water. System instrumentation, in conjunction with 
the system controller, constantly monitor system health and performance. If 
the controller monitors an out-of-limit condition, an automatic shutdown of 
the system is initiated. Prior to conducting performance testing of the 
system, all system shutdown levels will be verifiei Refer to the Fault 
Detection Function section of the Process Controller SRS for a listing of all 
anomalies and the associated shutdown level, and the Anomaly Messages 
section of the CDU SRS for the corresponding error messages. The 
procedures for safely conducting the verification of the shutdown levels .will 
be developed at the time of testing. In most instances, the sensor wffl be 
replaced with an alternate stimulus that would replicate the signal the 
controller would expect to receive from that sensor. Hie stimulus would then 

be varied until the anomaly was triggered. Hte system will remain in the 

OFF mode for the duration of this phase of testing. As each anomaly is 
verified, confirm the system transitions from the OFF mode OFF state to the 
OFF mode FAILURE state. The anomaly can be cleared by changing modes 
for a Level 2 anomaly (transition from the OFF mode to the IMMEDIATE 
SHUTDOWN mode and back again), or by cycling power to the EIB to reset 

the controller for a Level 1 anomaly. 


/" Conducted by.. 


(jt& Dfi'f/l /tr 
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5.4.3 Proof pressure t*«t. 

A proof pressure test of 2 times tbs MAWP »f the fluid circuit with the 
highest pressure will be conducted on the complete SPE OGA system (for the 
SPE OGA, the nitrogen reference is the highest). Since the three mete] 
bellows water accumulators have been proof pressure tested previously as 
part of the Technology Demonstrator program, and they will have already 
been charged with nitrogen, they will not be subjected to an proof 

pressure test in order to prevent damage to the bellows itself. In addition, 
the Item 7063 pressure sensor will be removed to prevent ^ 

sensor diaphragm, and the Item 163 relief valve outlet will be capped to 
prevent loss of nitrogen during the test. The isolation valve to the 
combustible gas sensor housing located at the oxygen outlet of the oxygen 

phase separator assembly will also be closed to prevent damage to the 
sensors. 


Since the system has been designed to prevent reverse fluid flows and the 
inadvertent pressurization of one fluid loop with fluid from another, proof 
pressure and leakage testing of the system must be conducted by introducing 
the pressurizing fluid at different locations within the system. Pressurizing 
upstream and downstream of some components (in particular, the 
membranes of the phase separator which allow one fluid to pass but not the 
other) ensures they will not be damaged internally during the proof pressure 
test. Sufficient safeguards exist in the system, however, to prevent damage 
due to pressure excursions during normal system operation. 

1) Verify the outlet to the Item 163, nitrogen relief valve, is capped. 

2) Verify Items 080-1 and 080-2, the shut-off valves to the Item 605-1 and 

Item 605-2, feed water bellows accumulators, are dosed. 

3) Verify Items 080A-1 and 080A-2, the shutoff valves to the Item 606, 

recirculating water loop bellows accumulator, are dosed. 

4) Verify Item 080-3, the shut-off valve for the oxygen phase separator, is 
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5) Item 051A, nitrogen pressurization solenoid valve, and Items 081 1 
and 081-2, feed water solenoid valves, must be energized °^“ m 0 
pressurize the nitrogen and feed water circuits. Disconnect the electn 
harness at connector designation J801, and install the proof pressure test 
cable to energize the valves from a separate 115 VAC, 60 ^ supply. 

6) Attach a regulated nitrogen supply to the system using Qerible lmes at 
the following oointa in the system (refer to Figures 5.4.5-1 and 5A.5-2). 


a) The nitrogen inlet interface of the system package. 

b) The hydrogen outlet interface of the system package. 

c) The hydrogen vent interface of the system package. 

d) The water inlet interface of the system package. 

e) The shut-off valve at the oxygen phase separator oxygen outlet 

(Item 167-7). , 

f) The shut-off valve downstream of the temperature sensor block 

housing Items 736-1 and 736-2 (Item 167-1). 

g) The shut-off valve upstream of the two-phase inlet to the 

hydrogen phase separator assembly (Item 167-2). 

h) The shut-off valve attached to the hydrogen valve manifold at 

the top of the system package (Item 167-3). 

i) The shut-off valve downstream of the water outlet of the 

hydrogen phase separator assembly (Item 167-4). 

j) The shut-off valve downstream of the Item 105-2 check valve 

(Item 167-5). 

k) The shut-off valve downstream of the oxygen phase separator 
water outlet (Item 167-6). 


7 ) Disconnect the electrical harness and remove Item 7063, oxygen 
pressure sensor, from its port; rtt. M-1 


electrical harness to the sensor. 

8) Verify the CDU is installed and the power is on. Turn the system 

power on and verify the system is in the OFF mode OFF state. 

9) During pressurization of the system, monitor Items 708, 709 and* 
(differential pressure sensors). Items 605-1, 605-2, and 606 (metal bellows 
accumulators), and Item 7061 (oxygen pressure sensor). The values 
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FIGURE 5.4.5-2 

PROOF PRESSURE TEST SET-UP 
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displayed on the CDU should only vary wi thin acceptable electrical noise 
levels, and should not show any dear trends of increasing values with 
increasing pressurization. If any trend appears, immediately stop the 
test, depressurize the system and resolve the discrepancy. 

10) Verily the nitrogen regulator is dosed and that there is no pressure 
in the nitrogen test manifold by opening the needle valve in the manifold 
to exhaust any pressure. Close the needle valve. 

11) Open the nitrogen supply valve upstream of the nitrogen test 

manifold. ^ ^ 

12) Verify the shut-off valves from Step 6 (Items 167-1 thru 167-/) are 
completely open. Energize the Item 05 1A, nitrogen solenoid valve, and 
Items 081-1 and 081-2, water solenoid valves, using the separate harness 
installed in step 5. 

13) Slowly pressurize the system by increasing the regulator setting in 
10 psig increments. Allow the pressure re ading s on the nitrogen pressure 
gauges and the differential pressure sensors to stabilize prior to 
increasing pressure. 

14) Continue to increase pressure until the nitrogen pressure on the 
gauge equals 150 +2/-0 psig. Maintain this pressure for a minimum of 5 
minutes. After the 5 minute period, slowly depressurize the system by 
opening the needle valve in the nitrogen test manifold. Monitor the 
differential pressure sensors to ensure equal depressurization throughout 
the system. After depressurization, visually check for any permanent 
deformation. No deformation is allowed. 


Verified by: 



Conducted hv? i) Q. (2^ 
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5.4.4 pyfitfm lsakaea test 

Leakage testing of the system can be conducted hmne<fiately ^ rth *^ f 
pressure test by limiting the depressurisation level to 1 times MAWP 
(15 psig). Otherwise, it is necessary te repeat Steps 1-13 as outlined in the 

proof pressure test procedure. 

14) Continue to increase pressure until the nitrogen pressure on the 
gauge equals 75 +2/-0 psig. Maintain this pressure for a minimum of 5 
minutes. After the 5 minute period, dose the nitrogen inlet valve an 
monitor the nitrogen pressure for 15 minutes. No decay in pressure is 
permissible. If the pressure decays, use leak detection fluid to determine 
the source of any gas leaks in the oxygen and hydrogen circuits, and 
search for water leaking in water containing circuits. As an optionee 
system may be depressurized and recharged with helium, and a helium 
detector employed to determine the source of any leak. Correct any leak 
before proceeding further in the test program. 

15) At the conclusion of the test, slowly depressurise the system by 
opening the needle valve in the nitrogen test manifold. Monitor the 
differential pressure sensors to ensure equal depressurisation throughout 

the system. 

16) Restore the system to its original configuration before proceeding 
further in the test program. 


et 


Conducted K-Aft. Verified by: 

5 5 Modo/State TVonrfHnn Verification 

The various mode and state transitions allowed for the SPE OGA will be 
demonstrated to verily proper sequencing of the software controller through 
the appropriate states within a mode and to verify correct control of system 
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hardware within a state (refer to the Effector Control Function section of the 
Process Controller SRS). A test schematic for conducting these tests is 
presented in Figure 5.4. 1-1. The Oxygen Delivery configuration and 
Hydrogen Delivery configuration will remain at their default values of 
"CONTINUOUS" and "VENT", respectively, and the Oxygen Requirement 
will remain at its default setting of 7.40 lb/day for the purposes of this test 
sequence. 

5.5.1 PURGE State 

The following test procedures verify proper transition of the system from the 
OFF state to the PURGE state, and from the PURGE state to the PROCESS- 
VENT state, and demonstrate effector controls applicable to the PURGE 
state. 

1) Turn the power to the system on. Verify the system is in the OFF 
mode OFF state. 

2) Select the Mode Selection screen on the CDU by depressing the F3 
key on the keyboard and select the ON mode. Verify the system 
transitions from the OFF mode OFF state to the ON mode PURGE state. 
Upon entering the PURGE state, the following effector controls are active 
(refer to the Effector Control State Definition Table in the Process 
Controller SRS): 

•V081-1 Fill Control 
•V051A & V053 Purge Control 
•PS797 On Control 

In addition, the recirculating water pump. Item 463, is ener&zed and the 
flow is set for RECIRC" gpm throughout all states in the ON mode. 
Verification of the correct operation of these controls is described below: 

VQ81-1 Fill Control: The feed water inlet valve (Item 081-1) is set to 
"OPEN* if the feed water accumulator level (LEV605-2 if V003 is 
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or LEV605-1 if V003 i. "FILL2/DRAIN1") i. ietethan 
thirsting band low limit, TXWLEV in’. The valve is set ti ^SOTT 
* the feedwater accumulator level i. greater than the maxunum dram 

tank level, "MED LEV” in 8 . 

yfHIft tw. Control: The facility nitrogen ®“ 

051A) ie aet to "SHUT" and the system nitrogen purge valve (Ite 
eet^-OPEN- upon entry into the PURGE aUte. After a i-od of water 

recirculation CACCTIME" nrinute8), the facility mtrogm 8 
to "OPEN". The system nitrogen purge valve (Bern 053) is set to SHUT" 
once the nitrogen inlet valve (Item 051A) has been open for greater than 
the purge time CN2PTIME" minutea). 

fenny On Control : The hydrogen phase separator e ' ec ^ e “^ 

hvd^en pumps are energized and charged upon entermg the PURG 
state. Current to the pumps is limited during initial charging to prevent 
damage to the power supply. Verify proper chargmg of the 

electrochemical hydrogen pump, by m0 “ to ^^ 8 ““ ^ 

(HZV768-1 thru H2V768-4) and the ceU current. (1768-1 thru H68-4) 
potentials should increase steadily to a level of approzunately 1.0 VDC 
while the cell currents should steadily decrease. 


3) Select the Mode Selection screen on the CDU by depressing the F3 
L on the keyboard and select the STANDBY mode. Verify the system 
transitions from the ON mode PURGE atate to the STAOTBY mode 
PURGE state. Return the system to the ON mode and venfy the state 

remains in PURGE. 


4, Verify the system transitions from the ON mode PURGE state to the 
ON mode PROCESS-VENT state when the system nitrogen pressure. 
Item 7062, equals or exceeds the value STAKTP" psia. 
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5.5.2 PROCESS-VENT State 

The following test procedures verify proper transition from the PROCESS- 
VENT state to the PROCESS state, and demonstrate effector controls 
applicable to the PROCESS-VENT state. 

1) Verify the Item 785, electrolysis power supply, is powered on when 
the system transitions from the PURGE state to the PROCESS-VENT 
state. 

2) Upon entering the PROCESS-VENT state, the following effector 
controls are active: 

•V003 Recycle Control 
•V081-1 Fill Control 
•V051A Pressure Control 
•Pump 464 Fill Control 
•PWR785 On Control 
•PS797 On Control 

Verification of the correct operation of these controls is described below: 

VQ03 Recycle Control: The feed water accumulator four-way ball valve. 
Item 003, is set to "FILL1/DRAIN2" if Item 605-2 is the fill tank (V003 is 
"FILL2/DRAIN1") and the accumulator level LEV605-2 is greater than the 
tank full limit "HIGHLEV" in 3 . Conversely, the feed water acc umula tor 
four-way ball valve (Item 003) is set to "FILL2/DRAIN 1" if Item 605-1 is 
the fill tank (V003 is "FILL 1/D RAIN2") and the acc umul ator level 
LEV605-1 is greater than the tank full limit "HIGHLEV" in 3 . 

V081-1 Fill Control: Described in section 5.5.1. 

V051A Pressure Control: The facility nitrogen inlet valve. Item 051A, is 
set to "OPEN" when the nitrogen accumulator pressure, P7062, is less 
than the minimum pressure limit, "OPENV" psia. The facility nitrogen 
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inlet valve, Item 051A, is set to "SHUT when the nitrogen accumulator 
pressure is greater than the maximum pressure limit, "CLOSEV* psia. 

Piimn 464 Pill rnntrol: The feed water pump, Item 464, is set to "ON", the 
feed water pump flow rate is set to "FEEDGPM" gpm, and the feed pump 
valve, Item 081-2, is set to "OPEN" if the feed water inlet valve. Item 081- 
1, is "SHUT, and the recirculation water loop metal bellows accumulator 
level, LEV606, is less than the minimum operating limit, "LOWACC" in 3 . 
The feed water pump is set to "OFF", the feed water pump flow rate is set 
to 0 gpm, and the feed pump valve is set to "SHUT if the feed water inlet 
valve is "OPEN" or the recirculation water loop metal bellows accumulator 
level, LEV606, is greater than the maximum operating limit, 
"HIGHACC" in 3 . 

PWR7ftfi On rnntrol: The electrolysis power supply. Item 785, is set to 
"ON" and the current control setting set to "STANDBYI" amps upon 
entering the PROCESS-VENT state. The current setting is increased 
"INCREMENT" amps every "STEPI" seconds until the current equals 
"NOMI" amps. 

PS797 On Control : Described in section 5.5.1. 

3) Select the Mode Selection screen on the CDU by depressing the F3 
key on the keyboard and select the STANDBY mode. Verify the system 
transitions from the ON mode PROCESS-VENT state to the STANDBY 
mode PROCESS-VENT state. Return the system to the ON mode and 
verify the state remains in PROCESS- VENT . 

4) Monitor the nitrogen accumulator pressure, P7062. When the 
pressure sensor reading equals or exceeds "HIGHLIM" psia, the timer 
VENTHME" is initiated. At the end of "VENTTIME" minutes, verify the 
system transitions from the ON mode PROCESS- VENT state to the ON 
mode PROCESS state. 


B-37 







5.5.3 PROCESS State 


SPEOGA 
Master Test Plan 
Rev. Basic 


The following test procedures verily proper operation of the system in the 
PROCESS state, and demonstrate effector controls applicable to the 
PROCESS state. 


1) Upon entering the PROCESS state, the following effector controls are 
active: 


•V003 Recycle Control 
•V005 Vent Control 
•V081-1 Fill Control 
•V051A Pressure Control 
•Pump 464 Fill Control 
•PWR785 On Control 
•PS797 On Control 

Verification of the correct operation of these controls is described below: 
V003 Recycle Control : Described in section 5.5.2. 

VOOfi Vent. Control: The three-way hydrogen solenoid valve, Item 005, 
defaults to the ’VENT" position, delivering product hydrogen gas to the 
hydrogen vent interface. Select the Assembly Configuration screen on the 
CDU by depressing the F4 key on the keyboard and select "REDUCTION" 
for the Hydrogen Delivery configuration; the position of the three-way 
solenoid valve changes from "VENT" to "PRODUCT", redirecting the flow 
of hydrogen from the hydrogen vent interface to the hydrogen outlet 
interface for subsequent delivery to a hydrogen reduction system. 

V0ftl-1 Fill Control: Described in section 5.5.1. 

VQ51A Pressure Control : Described in section 5.5.2. 

Pump 464 Fill Control : Described in section 5.5.2. 
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5.5.4 WOLD State 

The following test procedure* verify proper transition from the PROCESS 
state to the HOLD state, and demonstrate effector controls applicable to 

HOLD state. 

1) With the system in the ON mode PROCESS state, select the Mode 
Selection screen on the CDU by depressing the F3 key on the keyboard 
end select the STANDBY mode. Verify the system transitions from the 
ON mode PROCESS state to the STANDBY mode HOLD state, and that 
the three-way solenoid valve position V005 is set to -VENT. 


2) Upon entering the HOLD state, the following effector controls are 
active: 


•V003 Recycle Control 
•V081-1 Fill Control 
•V051A Pressure Control 
•Pump 464 Fill Control 
•PWR785 On Control 
•PS797 On Control 

Verification of the correct operation of these controls is described below; 
vnna Recycle Control: Described in section 5.5.2. 
ynsi-1 FW Control: Described in section 5.5.1. 
vnsi A Pressure Control : Described in section 5.5.2. 
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Pnmn 464 Fill Control: Described in section 5.5.2. 

PWR785 On Control: The electrolysis power supply current setting is 
i nstantaneously reduced to "STANDBYI" amps. Verify current has been 
reduced by monitoring the current shunt reading, 1766, on the CDU 
screen. 

PS797 On Control: Described in section 5.5.1. 

3) Select the Mode Selection screen on the CDU by depressing the F3 
key on the keyboard and select the ON mode. Verify the system 
transitions from the STANDBY mode HOLD state to the ON mode 
PROCESS state. The electrolysis power supply will increase the current 
setting TNCREMENTT amps every "STEPI" seconds until the PROCESS 
current setting is achieved. 

5.5.5 RECIRC and OFF States 

The following test procedures verify proper transition from the PROCESS 
state to the RECIRC state, and demonstrate effector controls applicable to 
the RECIRC state. 

1) With the system in the ON mode PROCESS state, select the Mode 
Selection screen on the CDU and select the OFF mode. Verify the system 
transitions from the ON mode PROCESS state to the OFF mode RECIRC 
state. Verify the electrolysis power supply PWR785 is turned off, and a 
nitrogen purge of the hydrogen circuit has been initiated (V053 is set to 
"OPEN"). 

2) The recirculating water pump, Item 463, remains "ON" at a flow 
setting of "RECIRC" gpm to purge the loop of oxygen gas. After 
"ACCTIME" minutes, the system transitions from the OFF mode RECIRC 
state to the OFF mode OFF state, and the recirculating water pump 
(PMP463) is set to "OFF". 
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3) Select the Mode Selection screen on the CDU and select the 
IMMEDIATE SHUTDOWN mode. Verify the system transitions from the 
OFF mode OFF state to the IMMEDIATE SHUTDOWN mode OFF state. 
Return the system to the OFF mode. 



The purpose of the performance test is to demonstrate continuous and cyclic 
operation of the SPE OGA, to verify the effectiveness of the refurbishment, 
and measure system performance parameters such as oxygen production 
rates, gas quality .and power consumption of the system. The performance 
test will be divided into two activities: continuous operation and cyclic 

operation. 

5.6.1 r.nntinuoufl system operation 

The system will be run continuously to demonstrate variable oxygen 
production capability of the refurbished SPE OGA, measure the purity of the 
oxygen and hydrogen gases produced, demonstrate optional delivery to the 
hydrogen outlet interface for possible use by a CO 2 reduction system, and 
verify proper system restart following a loss of power shutdown. 

1) Turn the power to the system and the CDU on. Verify the system is 
in the OFF mode OFF state. Measure system power while in the OFF 
state and record in Appendix A. 

2) Select the Assembly Configuration screen on the CDU by depressing 
the F4 key on the keyboard. Verify the Oxygen Delivery configuration is 
set to "CONTINUOUS" and the Hydrogen Delivery configuration is set to 
'VENT", the respective default settings. 
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3) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Verify the Oxygen Requirement is 
7.40 lb/day, the default oxygen production rate. Verify the Light Side 
duration is 54 minutes, and the Dark Side duration is 36 minutes, the 
respective default settings (NOTE: Since the Oxygen Delivery 
configuration is set, to. 

, 4-1 ' - " L ' 

change -st& 
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minutes of operation). 


4) Select the Mode Selection screen on the CDU by depressing the F3 
key on the keyboard. Select the ON mode. Verify the system transitions 
from the OFF mode OFF state to the ON mode PURGE state. Verify the 
PURGE state transitions to the PROCESS-VENT state, and finally to the 
PROCESS state. Measure power while in the PURGE state, the 
PROCESS-VENT state and the PROCESS state and record in 
Appendix A. 

5) While the system is in the PROCESS-VENT and PROCESS state, 
note the quality of the exiting oxygen and hydrogen gases. Verify both 
streams are free of liquid water, especially at the beginning of PROCESS- 
VENT. The hydrogen phase separator has been refurbished to preclude 
water carry-over during system start-up transient conditions. 

6) The refurbished SPE OGA incorporates a liquid-to-liquid heat 
exchanger that has sufficient capacity to reject the waste heat generated 
by electrolysis cells operating at a maximum potential of 2.5 Vdc per cell 
Monitor performance of the liquid-to-liquid heat exchanger throughout the 
conduct of this test program to ensure adequate heat rejection at all 
operating conditions. With cooling water flowing through the heat 
exchanger at a flow rate of 500 lb/hr (1 gpm) and an inlet temperature of 
65°F, the temperature of the two-phase fluid stream exiting the heat 
exchanger should not exceed 70°F. 

7) Attach a wet test meter or other flow measurement device to the 
oxygen outlet and hydrogen vent interface. Measure and record the 
oxygen and hydrogen flow rates and calculate the mass flow rate in lb/day. 
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Verily the oxygen production rate is 7.40 lb/day, minimum, and the 
hydrogen production rate is 0.93 lb/day, or one-eighth the oxygen rate. 
Include any calculations in Appendix B. 


8) Attach sample cylinders or other sampling device to the oxygen outlet 
and hydrogen vent interface and obtain samples of each gas. Analyze the 
oxygen for hydrogen and the hydrogen for oxygen. Record the results in 

Appendix C. 


9) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Change the Oxygen Requirement from 
7.40 lb/day to the minimum requirement of 6.66 lb/day. Verify the current 
setting to the electrolysis cell stack has been reduced (1766). 

9) Attach a wet test meter or other flow measurement device to the 
oxygen outlet and hydrogen vent interface. Measure and record the 
oxygen and hydrogen flow rates and calculate the mass flow rate in Ih/day. 
Verify the oxygen production rate is 6.66 lb/day, minimum, and the 
hydrogen production rate is 0.83 lb/day, or one-eighth the oxygen rate. 
Include any calculations in Appendix B. 


10) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Change the Oxygen Requirement from 
6.66 lb/day to the maximum requirement of 8.14 lb/day. Verify the 
current setting to the electrolysis cell stack has been increased (1766). 


11) Attach a wet test meter or other flow measurement device to the 
oxygen outlet and hydrogen vent interface. Measure and record the 
oxygen and hydrogen flow rates and calculate the mass flow rate in Ih/day. 
Verify the oxygen production rate is 8.14 lb/day, minimum, and the 
hydrogen production rate is 1.02 lb/day, or one-eighth the oxygen rate. 
Include any calculations in Appendix B. 


r 
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12) Select the Modify A^iew Operation screen on the CDU by depressing 
the F6 key on the keyboard. Change the Oxygen Requirement from 
8.14 Ib/day to the no minal requirement of 7.40 Ib/day. Verify the current 
setting to the electrolysis cell stack has been reduced (1766). 

13) Select the Assembly Configuration screen on the CDU by depressing 
the F4 key on the keyboard. Change the Hydrogen Delivery configuration 
to "REDUCTION". Verify the hydrogen delivery is diverted from the 
hydrogen vent interface to the hydrogen outlet interface, and V005 has 
switched from "VENT" to "PRODUCT" . 

14) Adjust the hydrogen back pressure regulator on the test panel until 
the hydrogen pressure at the regulator is 25 psig, the maximum back 
pressure expected for delivery of hydrogen to a CO 2 reduction system. 
Verify no hydrogen flow at the hydrogen vent interface. Monitor 
performance of the Item 005 valve during the conduct of the acceptance 
program; prior testing of the OGA resulted in failure of the solenoid coil in 
the valve due to operating temperatures which exceeded the maximum 
design temperature. The valve has since been modified to reduce the 
operating voltage once the valve has been actuated. 

15) The recirculating water loop in the original Technology Demonstrator 
system experienced pump priming problems at start-up. The 
refurbishment of the system addressed this problem by reducing the 
operating pressure of the loop, minimizing pressure drop within the loop, 
and operating the recirculating water loop bellows accumulator with a 
fixed nitrogen charge such that the pump inlet never operates at 
subambient pressure. Verify the effectiveness of the refurbishment by 
removing power to the EIB, thereby initiating a loss of power shutdown. 
After approximately 10 seconds, return power to the EIB and verify the 
system is in the OFF mode OFF state. Select the Mode Selection screen 
and select the ON mode. Verify the system transitions from the OFF 
mode OFF state to the ON mode PURGE state. Verify the recirculation 
pump, Item 463, operates correctly by monitoring the status of the flow 
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switch, Item 745, and by observing pressure drop DP709 across the 
oxygen phase separator assembly, Item 907. 


16) Repeat a loss of power shutdown, followed by a system restart, a 
minimum of 5 times to confirm proper pump priming. 



5.6.2 Cvrlic system operation 


The SPE OGA will be operated cyclically to demonstrate the ability of the 
system to produce the daily requirement of oxygen while operating only on 
the light side of the space station orbit. The system will transition to a 
HOLD state when the dark side of the orbit is simulated, with only a trickle 
current provided to the electrolysis cell stack to maintain pressure control of 
the hydrogen system and to offset diffusion losses. System instrumentation 
and operation of the pumps is also active during the dark side operation. 
Variable oxygen production capability and the ability of the system to deliver 
hydrogen to the outlet interface for possible use by a C0 2 reduction system 
will be demonstrated with the system operating in a cyclical mode. 

1) Turn the power to the system and the CDU on. Verify the system is 

in the OFF mode OFF state. 

2) Select the Assembly Configuration screen on the CDU by depressing 
the F4 key on the keyboard. Set the Oxygen Delivery configuration to 
'"PERIODIC" and the Hydrogen Delivery configuration to "REDUCTION". 

3) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Verify the Oxygen Requirement is 
7.40 lb/day, the default oxygen production rate. Verify the Light Side 
duration is 54 minutes, and the Dark Side duration is 36 minutes, the 
respective default settings. 
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4) Select the Mode Selection screen on the CDU by depressing the F3 
key on the keyboard. Select the ON mode. Verify the system transitions 
from the OFF mode OFF state to the ON mode PURGE state. Verify the 
PURGE state transitions to the PROCESS-VENT state, and finally to the 
PROCESS state. Measure power while in the PROCESS-VENT state and 
the PROCESS state and record in Appendix A. 


5) Attach a wet test meter or other flow measurement device to the 
oxygen outlet and hydrogen vent interface. Measure and record the 
oxygen and hydrogen flow rates and calculate the mass flow rate in lb/day. 
Verify the oxygen production rate is 12.33 lb/day (7.4 lb/day at a duty cycle 
of 60%), minimum, and the hydrogen production rate is 1.54 lb/day, or 
one-eighth the oxygen rate. Include any calculations in Appendix B. 


After operating in the PROCESS mode for 54 minutes, verify the 



to the electrolysis cell stack is 


reduced to "STANDBYF amps, and the hydrogen delivery valve di v e rts 

verify the jjptem timnsifcioaa frsm fehoflTANDDY muds HffrfiD L'tuU U^the 
ON UMlelSfeQgBgO ulale. Vuify the current to the electrolysis cell stack 
returns to its original value Tmhrr dir r ir t n flnrr 

t o~thS~^j/diufii!.Li~0Lill6l ui^ fflE^ ^UUf!) - "PRODUCT") . Operate the 

system for a minimum of two more cycles at these operating conditions. 

/vt»7c' ; Syru: 77? *>es/6w& -re lt , pflec&r jt* 7E- /t£7rt*Pt4Sf &=■ 

LtvyZ. ui usf M) -To Ltntuyr l-fir* u (2_ 

AfiritUcsr OfZ o/tMs/nrT/tpJ- /w^ry . 

7) Repeat steps 1-6 at the minimum oxygen requirement of 6.66 lb/day; 
and at the mim'miim value of 8.14 lb/day. 


8) With the system operating at the oxygen requirement of 8.14 lb/day, 
initiate a loss of power shutdown by removing power to the EIB. Return 
power to the EIB and verify the system is in the OFF mode OFF state. 

9) Select the Modify /View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Verify the Oxygen Requirement is reset to 
7.40 lb/day. Select the Assembly Configuration screen on the CDU by 
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depressing the F4 key on the keyboard. Verify the Oxygen Delivery and 
Hydrogen Delivery have returned to their default values of 
"CONTINUOUS" and "VENT", respectively. Select "PERIODIC" for the 
Oxygen Delivery configuration, and "REDUCTION" for the Hydrogen 
Delivery configuration. 


10) Select the Mode Selection screen on the CDU by depressing the F3 
key on the keyboard and select the ON mode. Verify the system 
transitions from the OFF mode OFF state to the ON mode PURGE state. 
Verify the recirculation pump, Item 463, operates correctly by monitoring 
the status of the flow switch. Item 745, and by observing pressure drop 
DP709 across the oxygen phase separator assembly. Item 907. 


11) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Enter 60 minutes for Light Side, and 30 
minutes for Dark Side. 


12) Once the system transitions to the ON mode PROCESS state, verify 
the state remains in PROCESS for 60 minutes. Measure and record the 
oxygen flow rate and calculate the mass flow rate in lb/day. Include any 
calculations in Appendix B. Verify the oxygen production rate is 11.10 


HUUUlunn /2W^7 

IIOUTStatte after the 60 minute period. Verify the ujfilsiii h ■nmtinns 

TV rTJ /nxt a maftWgg 


I ill ijllLT 


13) After a minimum of 2 cycles at this duty cycle, select the Modify/View 
Operation screen on the CDU by depressing the F6 key on the keyboard. 
Enter 54 minutes for light Side, and 36 minutes for Dark Side. Continue 
cyclic testing of the system until 3 days prior to the system ship date. 


14) At the conclusion of testing, select the Mode Selection screen on the 
CDU and select the OFF mode. Verify the system transitions from either 
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the ON mode PROCESS state, or the STANDBY mode HOLD state, to the 
OFF mode OFF state. 


Conducted by; 



5.7 Final Testing 


Final testing of the system is conducted to verify the unit is ready for delivery 
to the customer. 


5.7.1 Verification of system parameters 

1) Turn the power to the system and the CDU on. Verify the system is 
in the OFF mode OFF state. 

2) Select the Assembly Configuration screen on the CDU by depressing 
the F4 key on the keyboard. Verify the Oxygen Delivery and Hydrogen 
Delivery configurations are set at their default settings of 
"CONTINUOUS" and "VENT", respectively. 

3) Select the Modify/View Operation screen on the CDU by depressing 
the F6 key on the keyboard. Verify the Oxygen Requirement is set at its 
default setting of 7.40 lb/day, and the Light Side and Dark Side settings 
are at^Tand jUHninutes, respectively. 

& 37 

4) Select pages 2 and 3 of the Modify/View Operation screen on the CDU 
by depressing the FI key on the keyboard. Review the setpoint values and 
compare with those listed in the CDU Setpoint Input Communication 
Data Packet tables of the Process Controller SRS. Resolve any 
discrepancies between the values displayed and those in the table. 



DATE: 16-JUN-95 SPE OOP TIME: 13:5v^ 

MODE: OFF STATE: OFF STATUS: NORMAL 



TOTAL OPERATION TIME: 

0.0 HRS 

OXYGEN PRODUCTION RATE: < 

).00 LB/DA’r 


ELECTROLYSIS 

DUTY CYCLE: 

100 r; 

HYDROGEN 

PRODUCTION RATE: 0.00 LB/DAY 


STANDBY I 

1.0 

INCREMENTI 5.0 

STEPI 

5.0 

{ - 

RECIRC 

0.60 

ACCTIME 

2.0 

HIGH02SEP 

10.0 


FEEDGPM 

0.024 

LOWACC 

10.5 

HIGHACC 

13.0 


LOWLEV 

6.5 

MEDLEV 

10.5 

HIGHLEV 

25.0 

i 1 

STARTP 

50.0 

HIGHLIM 

70.0 

N2PTIME 

2.0 


AMBPRESS 

30.0 

OPENV 

73.0 

CLOSEV 

75.0 

r 

VENTTIME 

1.0 

H2CELLV 

0.9 

H2CVTIME 

60.0 


C 


r, 

CURRENT VALUE: 

1.0000 





NEW VALUE: 



ANOMALY: 










ADVICE: 









r 

TF1T PAGE 


rF41 

ASSY 

CNFG 

TF71 

ACKNOWLEDGE 

TF 101 MODIFY OPER 


TF27 SUBSYSTEM 

PARA 

rF5T 

MANUAL OPER 

TF81 

DATA LOGGING 

TFin EFFECTOR CNFG 

r 

'w 

TF31 MODE SELECTION 

r F6 1 

VIEW 

OPER 

r F9 1 

EXIT 

PAGE 

2 OF 3 


DATE: 16-JUN-95 




SPE 

OGA 

7 

'IME: 13:53:0 

: 

r 

•< 

MODE: OFF 



STATE 

:: OFF 


STATUS: NORMAL 


r 

TOTAL OPERATION 

TIME: 


0.0 

HRS 

OXYGEN PRODUCTION 

RATE: 0. 

00 LB/DAY 

c 

ELECTROLYSIS DUTY CYCLE: 

100 

’• 

HYDROGEN PRODUCTION RATE: 0. 

00 LB/DAY 


02FAIL1 

18.0 



02FAIL2 

30 

.0 

DEPRES1 

25.0 

r 

HIGHN2P 

85.0 



LEAKTIME 

55 

.0 

LEAKTIME2 

3.0 

c 

HIGHH2P 

50.0 



L0WH2P 

25 

.0 

DELTIME 

2.0 


HIGHH2SEP1 

10.0 



HIGHH2SEP2 14 

.0 

T6 

40.0 

r 

H2SEP 

3.0 



L0WH2SEP 

1 

.0 

T5 

30 • 0 

1/ 

L0W02SEP 

1.0 



T3 

30 

.0 

T7 

10.0 


HIGHSDACC 

45.0 



HIGHSDLEV 

30 

.0 

HIMEDLEV 

24.0 

c 

LOWSDLEV 

2.0 



T8 

10 

.0 

CVGASTOL 

7.0 

t 

CVRATE 

5.0 



HIGHCOND 

10 

.0 

FILLTIME 

5.0 


HIGHCELL 

2.5 



HIGHPUMP 

1 

.3 

LOWPUMF' 

0.1 


VTIME 

20.0 









CURRENT VALUE: 18.0000 NEW VALUE: 

ANOMALY : 

** ADVICE: 

r TF11 PAGE TFA1 ASSY CNFG TFT] ACKNOWLEDGE TF107 MODIFY OPER 

^ TF27 SUBSYSTEM PARA TF51 MANUAL OPER TF81 DATA LOGGING TF11T EFFECTOR CNFG 

TF31 MODE SELECTION TF61 VIEW OPER TF91 EXIT PAGE 3 OF 3 

c 

r 


0 
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5.7.2 Post-test visual inspection 

Inspect the system for any obvious defects due to improper handling during 
acceptance testing of the unit, or any improper wear of system components. 
Correct and/or repair any defects prior to shipment 



Conducted by:. 




5.7.3 System weight 


Prior to shipment weigh the SPE OGA system package, and the electrolysis 
power supply cart. Record in the space below. 

System package: lb 

Power supply cart: 29 1 lb. 
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SYSTEM POWER REQUIREMENTS 
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O 2 (LB/DAY) - KCFM, maasuredXP * P* 9 **) / (RXT ♦ 460)1(32 lMb-moWW min/hrX24 hr/day)] 
H 2 (LB/DAY) - [(CFM, jneasuredXP - P va P) / (RXT + 460)1(2 !Mb-inoleX60 min/hrX24 hr/day)] 


whan: 

CFM * gas volumetric flow rate (cubic feet/minute) 

P - barometric + wet test matar manomatar praaaura (paia) 
P^P - vapor pressure of water at temperature T (paia) 

R - universal gas constant ■ 10.73 pea - cubic ft/lb mala • *R 
T » gas temperature in mater (*F) 
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<T> 


Temp 

fahr 

t 


Abs Press 
Lb per 
$q in 
P 


008*59 
009600 
0 10395 
0.11249 

1171(3 

0.13143 

014192 

0.15314 

0.165M 

0.17796 
0.19165 
070625 
022 1C 
0.23*43 

0.25611 

027494 

029497 

031626 

033SS9 

0.36292 

0-38*44 

041550 

04*420 

047461 

0506*3 

054093 

0.57702 

0615)8 

065551 

069813 

074313 

079062 

084072 

089356 


Table 1. Saturated Steam: Temperature Table 


Specie Volume 
Sat Sat. 

Liquid £*ap v aP° r 


0016022 

3304 7 

33047 

0016021 

3061 9 

3061.9 

0016020 

2839.0 

2839.0 

0.016019 

2634 1 

2634.2 

0016019 

2445 8 

2445.8 

0.016019 

22724 

2272 4 

00)6019 

2112 8 

2112.8 

0016020 

1965 7 

1965.7 

0.016021 

18300 

1830.0 

0.016023 

1704.8 

1704.8 

0-016024 

1589 2 

15*92 

0016026 

1482.4 

14*2.4 

0.016028 

1383 6 

1383.6 

0.016031 

129 22 

12922 

0016033 

1207.6 

1207.6 

0.016036 

11297 

11292 

0.016039 

1056.5 

1056.5 

0016043 

989.0 

989.1 

0.016046 

926.5 

926.5 

0016050 

8613 

8614 

0.016054 

814J 

814J 

0.016056 

764 1 

764.1 

0016063 

717.4 

7174 

0.016067 

6718 

673.9 

0J016072 

633.3 

633.3 

0.016077 

595.5 

595.5 

0.016082 

560.3 

560.3 

0016087 

227.5 

5275 

0.016093 

4918 

496.8 

0.016099 

4611 

4611 

0.016105 

441.3 

4411 

0016111 

4161 

4161 

0.016117 

392 8 

392.9 

0016123 

370 9 

3703 


Enthalpy 

Sat. S*t- 

liquid Evap Vapor 

h i b tg 


-0.0179 

10753 

10755 

1996 

1074.4 

10764 

4008 

10732 

10772 

6018 

1072.1 

1078.1 

8 027 

1071.0 

10790 

10.035 

10698 

1079.9 

12.041 

10617 

1080.7 

14047 

10676 

10815 

16.051 

10614 

10825 

11054 

10653 

1083.4 

20.057 

10642 

10842 

22.05* 

1063.1 

1015.1 

24.059 

10613 

10860 

26.060 

10603 

10863 

21060 

1059.7 

1087.7 

30.059 

10515 

10886 

32.05* 

1057.4 

10895 

34.056 

10563 

1090.4 

36.054 

10552 

10912 

31052 

10540 

1092.1 

40.049 

10523 

10930 

42.046 

10618 

10938 

44 043 

1050.7 

1094.7 

46.040 

10495 

10955 

41037 

10414 

1096.4 

50.033 

10473 

10973 

52.029 

1046.1 

10982 

54.026 

1045.0 

10990 

56.022 

10433 

10993 

51018 

1042.7 

HOOt* 

60014 

1041.6 

11015 

62.010 

1040.5 

11025 

64.006 

1039.3 

11033 

66.003 

103*2 

11042 



Entropy 


Temp 

Sal. 

Sat 

Liquid 

Evap 

Vapoc 

Fahr 



__ii 

t 

0.0000 

0.0041 

2.1873 

2.1762 

2.1873 
2 1802 

328 ' 

348 

0.00*1 

2.1651 

21732 

388 

0.0122 

2.1541 

2 1663 

38.1 

0.0162 

2.1432 

2.1594 

418 

0.0202 

2.1325 

2.1527 

428 

0.0242 

2.1217 

2 1459 

448 

0.0282 

2.1111 

2.1393 

468 

0.0321 

2.1006 

2 1327 

U8 

0.0361 

2 0901 

2.1262 

S88 

0.0400 

2.0798 

2.1197 

328 

0.0439 

2.0695 

2.1134 

548 

0.0478 

20593 

21070 

588 

0.0516 

2.0491 

2.1008 

518 

0.0555 

2.0391 

2.0946 

688 

0.0593 

2.0291 

20885 

628 

0.0632 

2.0192 

2.0824 

Ml 

0.0670 

2.0094 

2.0764 

648 

0.0708 

13996 

2.0704 

688 

0.0745 

1.9900 

2 0645 

7U 

0.070 

1.9804 

2.0587 

728 

0.0821 

13701 

20529 

748 

0.0858 

1.9614 

20472 

?M 

0.0895 

1.9520 

2.0415 

7U 

0.0932 

1.9426 

2.0559 

tu 

0 0969 

1.9334 

2 0303 

828 

0.1006 

1.9242 

2.0248 

848 

0.1043 

13151 

2.0193 

MJ 

0.1079 

1.9060 

2.0139 

888 

0.1115 

1.8970 

2.0086 

MJ 

0.1152 

1.8881 

2.0033 

828 

0.1188 

18792 

19980 

848 

0.1224 

15704 

1.992* 

888 

0.1260 

18617 

1.9876 

888 


0.94924 

1.00789 

106965 

1.1347 

12030 

0.016130 

0016137 

00261*4 

0.016151 

0016158 

350 4 

331.1 

313.1 
29616 
28028 

350.4 

331.1 

313.1 
29118 
28030 

12750 

13505 

1.4299 

13133 

1.6009 

0016165 

0016173 

0016180 

0016188 

0016196 

265.37 

251.37 
23821 
225.84 
21420 

26539 

25138 

23*22 

22585 

21421 

1.6927 

1.7891 

1.8901 

1.9959 

2.106* 

0016204 

0016213 

0016221 

0016229 

001623* 

20325 

192.94 

18323 

174.0* 

165.45 

20326 
192.95 
18324 
174 09 
165.47 

22230 

23445 

24717 

2.6047 

2.743* 

0016247 

00)6256 

0016265 

0016274 

00162*4 

15732 

149.64 

142.40 

13555 

129.09 

15733 

149.66 

142.41 

13557 

129.11 

2 8*92 

3 0411 
11997 
13653 
3.53*1 

0016293 

0016303 

0016312 

0016322 

0016332 

12238 

11721 

111.74 

10638 

101.68 

123.00 

11722 

11176 

10159 

10170 

3.71*4 

3 9065 

4 1025 
4 3068 
45197 

0016343 

0016353 

0.016363 

0016374 

00163*4 

9705 
9266 
8150 
84 56 
8082 

9787 

9288 

8852 

*457 

8083 

47414 

4.9722 

52124 

54623 

57273 

0016395 

0016406 

0016417 

0.01642* 

0016*40 

77 77 
73 90 
7070 
6767 

6471 

7729 

739? 

7072 

6768 
64 80 

59926 

62736 

6.5656 

6.8690 

71840 

0016451 

0016463 

0016474 

0016486 

0016498 

62.04 
5943 
5695 
54 59 
52 35 

6206 
5945 
56.97 
54 61 

52.36 


MW Ualo Hmrn* mt tUM* 


67.999 

69.995 

71.992 

73.99 

7S.9S 

1037.1 

10358 

10348 

1033.6 

1032.5 

iiiii 

01295 

01331 

0.1366 

0.1402 

01437 

18530 

18*44 

18358 

18273 

18188 

13*25 

13775 

13725 

1.9675 

13626 

77.9* 
79 9* 

81.97 
8X97 

85.97 

1031.4 

10302 

1029.1 

10278 

10268 

11093 

11102 

nn.o 

11118 

1112J 

01472 

01507 

01542 

01577 

01611 

18105 

18021 

17938 

17856 

1.7774 

13577 

1352* 

13490 

13433 

133*6 

87.97 

8396 

91.96 
9X96 

95.96 

1025.6 

10285 

10233 

10222 

1021.0 

1113.6 

lit** 

11153 

11181 

11178 

01646 

0.16*0 

01715 

0.17*9 

0170 

17693 

17613 

1.7533 

17453 

17174 

13339 

13293 

13247 

13202 

13157 

97.96 

99.95 

101.95 

10X95 

10595 

10 118 
10117 
10173 
10184 
10152 

11178 

11116 

11193 

11203 

112L1 

01*17 

01851 

0.18*4 

01918 

01951 

17295 

1.7217 

17140 

1.7063 

169*6 

13112 

1306* 

13024 

189*0 

18937 

107.95 

109.95 

111.95 
11X95 
11595 

1014.0 

10128 

1011.7 

10105 

10093 

1122.0 

11228 

11235 

11243 

11253 

019*5 

02011 

02051 

020*4 

02117 

16910 
16534 
1 6759 
166*4 
16610 

18*95 

18*52 

18*10 

18769 

18727 

117.95 

119.95 
121-95 

123.95 
12596 

10082 

1007.0 

10058 

1004.6 

1003.4 

11281 

11288 

11273 

11786 

1129.4 

02150 

02183 

02216 

0224* 

02281 

16536 

16463 

16390 

16311 

16245 

18646 

18606 

18566 

18526 

12796 

129.96 

131.96 
13X97 

135.97 

10022 

10010 

9998 

9906 

9974 

11302 

11310 

1131.8 

1132.6 

113X4 

02313 

02345 

02377 

02409 

02441 

16174 

1.6103 

16032 

18961 

18*92 

184*7 

18448 

18409 

18371 

18333 

137.97 

139.9* 

t41.9S 

14399 

14599 

9982 

9950 

9938 

992.6 

9914 

11342 

11350 

11358 

11386 

11374 

02473 

02505 

02537 

02561 

02600 

18*22 

18753 

186*4 

18416 

1854* 

18295 

18258 

18221 

181*4 

18147 


■ B-59/B— 60 


18U 

1CJ 

1MJ 

1MJ 

18U 


11U 

IUJ 

nu 

11U 

nu 

mj 

iaJ 

i:u 

12U 

1M8 


nu 

nu 

nu 

nu 

nu 


14U 

142J 

144J 

14U 


nu 

nu 

nu 

nu 

1SU 


1MJ 

162J 

164J 

1IU 

Itu 


17U 

17U 

1748 

ITU 

ITU 
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ANOMALY 


CoOf 230 - *L su/> A* 

070" Of! a) >t OW* '7* u ***&" 


<a0 r lot' ^Cr7/.lK7Jlt 

cvAAtw cmuO > &• '+"'*■ 

( 2 OCc/ISnMt) 


Cote 2 VT " i.eCtAC(/£./97s$*j /w**> 

(2 0CC4S*O*f) 


Coi>t 22?" Lots trcs/cuLSTstw A**' 


Code Ilf - A +CiL./ 7 V i^Ltrr 

VAi*e Cir+n Vti-t) 7 *° 


<o*T 2iV - +? ?*>> ' ***** 

ShY*t*7o9 L 


Ct QT 2 If" ^ ^>U/ iWCi&c vi*7/**> n.m 


Code IXf * j~0v /UCfHC^/^ATeo* Au>*a/ 


code 01*3 - TLceCr/ 4 c. J t J 7 dLl'Jr 

tez'b - tf 7 r<r swti&hx 


<r4 ^ r ^76?- ^w' xec,*«/L*T,M) 
/fLuJt 4f ^ ,7W ^*0 


CoOcT 2 IT" AO** tm/LCviATifri A++* 


Co\€ 22J"" ^oia/ JUCifLCOu+rtoH A*** 


code 12 L0U/ /Ur^4LC*m?r~> **>op 
teuotof ACa/motHT**. CrT*t £**) 


Code Zir~ hu *ec4tcuxsrw *'•*' 


code lS- Iooj Aec<flt<A*rTt*> f**+> 


Code 22-T' ^-*u/ /€et/XcoiAT»H *** 


c H# *4*0 eAjt/HtuT "ie* £T/*fe7 * fit*** 

/.r n ? 0 it*xhrt 7'+** 

AHSbcf) tktf T> DP ^ &&&€* 

AT fYfT&" ,**?<&&*£*"■ 


auu/t ** rtfrHAts code «*ue*r*d y */e*j 
j 3M*D /A'Sl&cu.eT) 


CH*H4€ A'** Command V* 4**1? 

Atom 4. Y3 6pm 7V osr <^/>7 


c HAHte Fitw c*m m*t+sd o*J P *''*/* 

Atom o.fg &e>*i -to o.rr*P*7 


jfX ^yrrem *n*f Y&m A* a 4 m~y s/d 

Act toojiHe - nv icr/ov &v'o. 


T4379HP diAAntenf optHt^T 
/L*r7€3 - *«o AtrtfiH 


jteboce seHf/7/yi7y oF A***' Suj rrcn~ 
Afifexic 4«*r su^ttr /Htrc/xeer/oH ** 
jft9*r»AHG A S#trrd9u"2- 


cttAHte A*u/ <-9mmH*>*> 4H /*"*? — 

Atom o.tfY +4* & OS 2. &f*1 


CHrtA COHH€LToAS *H f/7£ £o**d 


7497)4 HLA^y fOLOT/iH *- CrMH4e m Lot*JbLev" To 
j fjfl- 4 }+*#£. 'TOe 1/7/9** 7* 3e 2ie7&tm~*eb 

m/H&f fiCUA6ti*TY ^4WABL A*TO*Af 


CtM-HSe A** cmsfHHb *A P*Af A*9~f 
O.yy *4/* *h oSl oS/>n ( An 'o*+~o ^ t-W h+» 
Af&t toie o*V A*9***~y - e*r735ty &*&'*/’ 
SYSAJfei) 


LtMHte /W command oh SmS At'** 

o.rz*S*r 7P o.rr 6/A1+ ***- r* 

lr-CH*zA A<**> tvtrat sePSjTforry ,h m*** 


Stnc A4*vC . 


see 440«f- A**t> To effect fi** S»TTtV S*»Sj7t*rrY 


see AC**e - jte-c/*cjc s<m*tc# 0* m*~&rz e/t . 


XtwrTCH 4CTA4.SA0HT** ‘-o*' J/d 

I AT 0,^1 vM/Astd' Ho ACT few £<n*p 

l/oftot AvtHTLy c* M* ' C e> A*uj tummH*d To O.Co &**? 
Ho tm/Hcr o* */x Tf?oJ6' % 
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DATE 


s'-H-ir 
s’- r- if 


s' 7- ?r 






ANOMALY 


Code 2-2 f~- J-ow ££ c /Ac Ui-AT/tS /wj 


CoVc XlT- l£~C//Z t z/4tA7fifoJ fitful 


( 7- OCCAT/o^) 


codC //l- Feel) uj/rrc7c ^czj.o^r 

fru-trl/r (fi*Ye 

Jn\ Q Quasi e 2 


?/o- * ot-j eoiT/tse 


<foi>c" tCC i£cvt*YQA 


<rvVk 


r 'll o - ?vmf Y’ c l~'7*9-te~ 


Cooe 10*7 - tXrcr/at/J// 


CoOcT X/k - C4mWT'ei£~ GrtS ft&M t 
/n*Lf*AL YfO*J 


ACTION TAKEN 


JZtyr>oee P£~ - coscejte '** **&***%) 

/ft <p/?r r/i*e 


lof/^re ory^trv 9o° 

s^jch ru*r tr aw fosmz Cm^se? 


OCtu ojrtnC s«J rt'frJurtz, /**£>(? 

rr&7) cO AoT**rcff)~ 

J+s t/vq cv&e - code fjteh 


/V£*£> 7o T/ZcrUgcef/*oT C/JtCvi'T - 

TO 2e~ Jose #r * mr£V~ 2 wtf. 


/sc flense 7/ryttft jeTPow7 A t*n /o 

7u 2 o SeZo+sdS 


f*!7S?LLef) St&MAT* AoshTlt'A'A Y> tY/P# 
cqnT/ul ctflCvt? (f7Ut*Ji/*L, ***+»>*$ ; 
fdUri/y/tfKr Zef/ftfL AAT&t Ctff7c*7t77 Arfft 


elf &x*&fcrL <s*r Tunr^h oAf to cV} \zr 
fSCZFcLfS-/^ oP Tc?m ut^e fo^en- e^s/Lj - 
'Tots trie#£tlL o*J . 


2 &*t *rrar7£b f#f U oaf fr/i 
C' j S7ot*en A'Jt 7 


r-i2-fr 


fyiuf o ft>^en s^tsc* f c we o<7 j 
lou nerciA<»^A*rtjJ faoJ jfr'f • 


BFfiS wont to S&a^/itsfisvr dr*v*9tvt> 
H&tfa/ftte ,j fiuen jvAA Y t*>c7~ 

' *s ft 7/issjLOcePT ?F* Tst/sc* /*j 
£&//ic \*-*~TfoS ufff J vet sJcatu** as 6 dsns 

ft l if lpmcit /letnei&i *** -TAooccCJifxrr 

l+u> flat* cg^trjt^J . 

- us ot£ t*mFi &\cf) qS /Wf . 


r-ff^rr 


cadF 2 tJ — lots *t_ f££SSve£ 


ftem oC7 (s- o.) fvdfc i^ivtf fy*«-*f2> £/tr io 
e*n*eS> 4 *jt~ rtfit. /tkt/LAz£~ srti+ne twf 
aJJ. v*tu*C / ^rSTHtcT . ^t-xi r A^TiM-^ 
■To yQji)VC Fit /Uf#/(L. 


f-1 f-ff 


Cd*>e~ U'L — imftoSun geC4-#KjS 
!+€AtrAJC*) 


s<isPtz.T *o<ie o<o t/n/*- onte- £#-r* i*>c7 w«r 
svfptnT FaiumF c •ni\’Tit>ij , T</ntr\ 8T*vi-iSfri> 
T* fnevew rf^A ■#«/ . 


T- 23-^r 


Ft i#vTDix*iA' |vT ' 7 \y*\Prc*it y Lots 
Or /wk/ neiofioeb C 27/1/ A chakT 


Ay d VC (l c/trtOl*^ 


ftu>ttt£t) ?lV 6-{ eXrT/sJF Sen.Lv<Ll 

/*CLy~\<JLjmt- . tefLyrryi L*tf -JO 5>1/1<HT A.t±-> 
!*•• i FUftxC itF/fAtmA tvTutrT 70 F""F 
f'ceT , ~/3eu*uf jtJ rez c»~Frt-i#yrr.*> . 
fewwf ffertAy,Jb ver OtS TflrtF faf TV 
Co* Fit-yrttrT,*/ tp- Foay,/jt- *r 71 f aF 

T&F. 
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ANOMALY 

ACTION TAKEN 

CO^e >17- — fWO t*"*7e*. f€lu»±>f 
y*r ( Hit* i-evtri) 

geuvuf Cl+rr/lol- t/*Of /nOdlf/aD 
TV firtvtc 7 ITsn. ,/>&**'** 

,A/W T» f>ricw*yrr ovt-Kf 

Cote 2ol - 40 U/ eircrttiYTtf 
C&l. 

foJ&ez t~ *jo*j£ 6** s > c tA/e ~ 
tMfjf TV So//oftT ** u > f* 1 -*' *'0iS7f++tT 
1& r+K*n*K'y (Otoe • 

c»t>f 2.21 ~ tow HYb/U0*A> r*hTtr 
A?. 

/nobifieb ftTfotAJT 7$ * 100 1~> 

vm af> ±PSl&. 

cole /IX- A2rfl *-'*'** 
y<rr ftcn*>fr fipfi&U'l (i#i£ 

/*44tA*uj 

rtlOYTlY ~To 

/?LLOt+> +2)[)tT/**/#L *T0L,&t#rv C-T 0# 
/ 7fat f'LL Ajf~TC £ /fit*! v*t~b **« 
fftZ<c7tra). 













